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SUMMARY
Tests have been performed on the modified oscillating baffle 
contactor (O.B.C.) in which different types of perforated baffles have 
been introduced, and the results obtained analysed*
Two liquid systems have been studied. The systems carbon 
tetrachloride — acetic acid-water and Methyl ISO-butyl ketone (MIEK) — 
acetic acid - water were chosen partly from expediency and partly from 
their suitability and for comparison purpose with published data. 
Flammable and highly toxic materials were not possible due to prevail­
ing laboratory conditions. Runs made with MIBK were limited strictly 
for safety and health reasons. Equilibrium data obtained in our 
laboratory has been extended and equations describing the equilibrium 
distribution of the systems have been established with high degree of 
accuracy and compares favourably with published data.
For the true performance of the extractor detailed knowledge of 
the drop size and distribution was necessary. Some high speed cine- 
film: of the drops in the column were taken and analysed. Hold up 
values of the dispersed phase measured by both the drainage and mano- 
meteric methods were recorded.
The longitudinal dispersion (axial mixing) which occurs in both 
phases has been examined with the aid of dye injection technique, and 
the coefficients calculated from Peclet numbers based on the length 
of the extractor.
The relationship between the true, measured and piston, flow 
values of H.T.U. are established. Equations have been developed 
based on a modification of Rod’s method, to predict the true concen­
tration profile of the dispersed phase corresponding to that of the 
continuous phase along the column. Relationship existing between
H.T.U* values and ka values have been presented graphically to explain
the; extractor performance. Equations to determine sectional values of 
transfer units and axial mixing have been derived.
Data for power dissipated in the contactor have been obtained: by- 
using highly sensitive torque - transducers and recorders* These have 
been treated-both by dimensional analysis and modified existing corre­
lations .
Interfacial tension measurements were made for both systems* The, 
accuracy of these measurements have been found reasonable. They give 
the magnitude of the change in interfacial tensions with concentration.
The measured efficiency of an experimental R.D.C* has been investi­
gated for the purpose, of comparison with the. O.B.C* for the system CCL 4 
- water - acetic acid*
The. drop size distributions resulting from the measurement in the 
2*6" long O.B.C* is correlated by two equations, which correlate the 
data with a maximum: deviation of + 5 The development was used to 
predict the: interfacial area in the 4* column and hence calculate k 
values.
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CHAPTER 1
GENERAL INTROIKJCTIOH
-  1
1. DESIGN CONSIDERATIONS . IF EXTRACTORS
In continuous differential operation, the two liquid phases flow 
counter current to each other in continuous liquid-liquid extractor#
In mechanically agitated systems, the extractor is a tower with the 
light phase entering at the bottom and flowing upward and the heavy 
phase entering at the top and flowing downward. Either the light or the 
heavy phase may be the continuous phase. In addition, the continuous 
phase may be either the raffinate or the extract.
Typical agitated extractors contain three sections. The top and 
bottom sections are small settling compartments. The middle section is 
the counter-current extraction zone. The interface may be maintained in 
either of the settling compartments, depending on the particular liquid- 
liquid system.
For a counter-current agitated extractor, the objective is to 
create sufficiently small drops in a turbulence to ensure good mass 
transfer, while avoiding extreme mixing conditions that would signifi­
cantly reduce counter-current capacity. Obviously this calls for 
accurate knowledge as to the effect of rotor speed on dispersion, but 
at the same time variable rotor speed imparts flexibility to the design. 
Compartmentation, coalescing aids, and the like, help to control the 
state of dispersion, create fresh surface, and minimize axial mixing.
In the agitation of two immiscible liquids, the continuous 
breakup and coalescence of drops of the dispersed phase occurs. After 
some time a dynamic equilibrium is established between breakup and 
coalescence and a spectrum of drop size results. The average drop size 
and the size distribution will depend upon conditions of agitation as 
well as physical properties of the two liquids. Drops are believed"*" to 
be broken up by turbulent pressure fluctuations in the neighbourhood 
of the drop surface. Coalescence may occur when drops collide. In a 
dilute dispersion coalescence will be minimal, and the equilibrium drop
size distribution will depend upon the breakup process alone*
It is characteristic of these devices, that for each velocity of
flow for one of the liquids there is a maximum possible velocity for the
other, governed by the liquid properties, the design of the device, and
the driving force. If an attempt is made to exceed the maximum
velocity for the second liquid, one of the liquids will be rejected by
the equipment, which is then sand to be flooded. For a given volumetric
rate of flow of the two liquids, therefore, as may be fixed by process
requirements, the cross-sectional area for flow must be sufficiently
large to avoid velocities that result in flooding.
The dispersed phase ordinarily has the smaller hold up in the
contactor. For reasons of inventory cost and fire hazard, it may
therefore be more desirable to disperse the more costly or the more
flammable liquid.
Liquid-liquid systems, can seldom be designed without piloting.
The driving force for phase separation is the density difference, and
the interfacial tension determines the ease of dispersion. Low density
difference and fine dispersion make separation difficult. Liquid-liquid
systems are subject to large changes because of differences in solubility
at different concentrations. The direction of mass transfer can have
dramatic effects on efficiency and capacity.
Previously towers with rotating stirrers appeared to be the most
frequent choice in the intermediate range of required power input,
especially for large-scale equipment. This statement is based on
75general industrial practice , the good efficiency-capacity relationship, 
excellent flexibility and control and reliable scale up characteristics. 
These towers, however, may be unsuitable for systems with strong 
emulsifying tendencies, for which oentrifugal extractors are preferred.
i.i, DROP CHARACTERISTICS
The dynamics of drop formation and flow affects both the capacity
and efficiency of liquid-liquid equipment., the latter through the effect 
of mass transfer coefficients. In practical equipment drops flow in 
swarms, and interact with each other in a number of ways. Drop size and 
size distribution depend on the mechanism of drop formation, which in 
many cases is not well understood. In extraction equipment the drop 
population formed depends on the means of energy input and the energy 
level as well as the fluid properties. Fluid friction and turbulence 
can be created by high velocity jet, by rotating impellers, and by 
pressure drop through turbulence generators.
An obvious effect of a swarm of drops occupying a significant 
fraction of the total volume is a change in the apparent density, which 
will approach that of the dispersed phase. In addition large and small 
drops will have more of a tendency to move in unison because of 
interactions between them.
Sherwood et al suggest that as much as 40fo of the total 
extraction takes place during the process of drop formation in open 
columns. Repeated coalescence and redispersion therefore seem advanta­
geous. In swarms of drops, coalescence of drops takes place under some 
conditions of mass transfer, but little or no coalescence occurs in the 
absence of mass transfer. If a solute is transferred out of the drops, 
then the continuous phase liquid in the immediate vicinity of the 
interface becomes more concentrated. If the solute is such that its 
presence in the liquid lowers the interfacial tension (increases the 
interfacial pressure), then it will cause liquid to flow out of the 
region between adjacent drops? this keeps drops closer together. This 
phenomenon is related to the Marangoni effect of surface-tension-driven 
flows* Surface tension gradients, in addition to improving efficiency 
by internal mixing of drops car also improve capacity. When two drops 
apprach each other, the continuous-phase liquid may flow away from 
between them so that they coalesce and settle faster.
1.1.A, DROP INTERACTION
By drop interaction is meant the combined process of collision, 
coalescence, internal mixing and redispersion of drops in a dynamic 
environment. The drops may pass immediately from one formation into 
another. For example a change into a lower degree of turbulence 
results in a situation where coalescence predominates. This situation 
is found in some pipelines, counter-current extractors and spray columns 
where the drop size can be seen to increase with distance down-stream 
from the dispersion device. In describing and discussing the effects 
of drop interaction on drop dynamics and mass transfer, it will be 
assumed that the rates of the three processes - collision, coalescence 
and redispersion - can be lumped together as one rate, This is necessary 
since at present there is no information which would permit one to 
estimate with confidence the coalescence and redispersion rate 
independently•
The effect of drop interaction on the behaviour of a swarm of 
drops in a flow contactor can best be visualized by considering the two 
extremes of no interaction and of infinite interaction among the drop 
population. If no drop interactions occur in a continuous flow stirred 
vessel, the age distribution of the drops covers a wide spectrum, just 
as does the residence time distribution of the continuous phase. In the 
same environment complete interaction causes all the drops to have the 
same age.
The situation when the drop interaction rate is finite is of 
course more complicated than either of these limiting cases. Moreover, 
the problem as stated is oversimplified in that it is assumed that an 
average interaction rate satisfactorily represents all events that occur 
among drops of all sizes in the population. Actually, the probability 
of coalescence of a large drop with a small one may be quite different 
from that for two drops of about equal size. In addition, the drops,
onoe coalesced, may break up rapidly or slowly, depending upon their 
size and the environment, and the breakup process may form two or many 
drops of various sizes. Moreover, the coalesced drops may or may not 
mix completely before breaking up again*
Another major factor is that of drop interaction, i.e. the 
repeated collision, coalescence ahd redispersion of drops in the flow 
field. If no drop coalescence occurs during the fall period, the 
distribution of drop properties mentioned above depends primarily upon 
the drop breakup process occurring at the inlet. If, however, the drops 
coalesce and redisperse repeatedly during their fall, then it is 
necessary to know something about the probabilities of coalescence and 
breakup for the different size fractions present in order to determine 
the distributions of areas, velocities and times for the swarm of drops.
Still another significant factor is that of turbulent eddy 
motions in the continuous phase? if these motions result in appreciable 
backmixing, column efficiency is impaired as a result of a reduction in 
concentration driving force between the two phases. Even if the axial 
and radial components of the eddy motions in the continuous phase can be 
represented adequately by an effective diffusion coefficient, there 
remains the effect of such motions on the drop population. Presumably 
the smallest drops present are carried freely by such motions and 
therefore may be highly backmixed, while the large inertia and rapid 
fall of the biggest drops cause them to "bypass” so that they are not 
much affected by continuous phase eddy motions.
The transfer process for an isolated, moving drop is now known 
to be a very complex phenomenon, with an inside coefficient ranging 
between the limits corresponding to a stagnant drop or Hadamard-type 
circulation to a fully developed circulation, and an outside coefficient 
corresponding to varying degrees of film penetration or surface renewal. 
In addition, various interfacial turbulence effects complicate and abet
the individual processes. To arrive at an effective transfer rate for 
the total column length, one must integrate these single drop relations 
over the concentration gradient, eddy diffusion flux, and drop size 
distribution function appropriate to that length.
The selection of the height of a column calls for knowledge 
concerning the inside and outside transfer coefficients, Kd and Kc, the 
amount of axial mixing of both phases, the drop breakup mechanism and 
drop size distribution, and the droplet coalescence - redispersion rates.
A size estimate based on the required flow rates, measured drop 
hold-up and slip velocity relation, assuming average drop conditions, 
usually is adequate, although differences in drop size distribution, 
axial mixing or drop interaction may introduce secondary correction,
l.l.B. DROP BREAKUP MECHANISM
In the analysis of extraction equipment it is usually assumed 
that the drops are spherical, and various photographic studies indicate 
that this is a reasonable assumption for most of the drops in an 
apparatus operating at an acceptable extraction efficiency. Specification 
of the size characteristics of a drop population is a matter of greater
difficulty. In a turbulent field drops presumably rupture by localized
13 1shearing action or because of dynamic pressure fluctuations • In
either case it is intuitively reasonable that a distribution of sizes
should result, in view of the spectra of energies, fluctuation
velocities and eddy sizes present in the turbulence.
Current knowledge does not permit the calculation of the
1 15distributions, however. Instead, investigators 9 have on one hand 
empirically studied the problem of the critical or maximum stable drop 
size present based on average conditions, while others have determined 
experimentally the mean drop size present in the dispersion.
1.2. HOLD-UP
Droplet hold up is equal to the ratio of the volume of droplets 
of the dispersed phase to the total volume of liquid hold-up in the 
extractor. It is one of the most important hydrodynamic characteristics 
of the system.
Under steady operating conditions of the extractor, there is a 
relationship between the hold-up and the interfacial area of drops, and 
the efficiency of mass transfer. The true flow conditions of the liquids 
in the extractor are dependent on the volumetric flow rates of the 
individual phases and the extent of droplet hold-up.
A means of assessing the performance of an extractor is 
presented by the use of overall mans transfer coefficients Ka which can 
be determined relative to a given apparatus and flow condition with a 
complete knowledge of the hold-up and droplet characteristics.
A complete picture of a mass transfer process requires 
knowledge of the hold-up of the dispersed phase and the average droplet 
size and shape, from which the surface area available for mass 
transfer can be calculated.
1.3. MSS TRAICTffR COEFFICIENT MB  TWO FILM THEORY
In extraction, as in other mans transfer processes, it is
convenient to consider the resistance to mass transfer within a phase
to be concentrated in a thin film at the phase boundary. It is assumed
also that the solute concentrations in each phase at the interface are
in equilibrium with each other. These assumptions are the basis of 
5
the Whitman two film theory. The two film theory is by no means 
strictly true and alternative theories have subsequently been put 
forward to explain interphase mass transfer. The best known is the
Higbie unsteady state penetration theory which has been modified by
7 8Danckwerts . Recently Harriott proposed his random eddy modification
of the penetration theory, for mass transfer from a turbulent fluid to an
e -
interface. This theory appears to he closer to reality than previous 
surface renewal theories. Nevertheless, the Whitman two film theory 
has been remarkably successful in interpreting the results of most two 
phase mass transfer operations of industrial importance. It probably 
still provides the design chemical engineer with the best overall 
picture of the process.
Consider mass transfer of a solute from the dispersed phase to 
the continuous phase in a liquid-liquid extraction process. If the mass 
transfer rate is IT, the interfacial area, ’a’, and the solute 
concentrations in the continuous and dispersed phases be y and x 
respectively. Also the individual mass transfer film coefficients in 
the continuous and dispersed phases are Kc and Kd respectively. Then 
a reasonable calculation of an extraction column has to be based on a 
description of the elementary process of the mass transfer between the 
phases, usually mathematically expressed ass-
N = Ka^ (x - x^) 1.1.
or N = - KaQ (y - y±) 1.2.
where x^, y^ are concentrations at the interface. On the generally 
accepted assumption that x^ and y^ are in equilibrium, and that the 
distribution coefficient
m = (yi/x±)* 1.3.
is constant, it is possible to formulate equations 1.1 and 1,2 as
N = + Ka^ (x - x*) 1.4.
where the overall coefficient Ka, isd
Kat = kaT + mka" 1#5,d d c
and x* - jr 1.6,
m
Equation (1.4) is usually considered valid even under conditions when 
m is not constant and i'/hen equation (1.5) ~ The resistance additivity - 
is not exactly satisfied.
1.4. AXIAL MIXING
All agitated extractors are subject to backmixing In one phase 
being entrained in the other so that it flows opposite to its normal 
direction, thus reducing to some extent the advantages of counter- 
current flow. In counter current flows, up flow is faster in the centre, 
so that it does not stay in the column the average resident time.
Because the rate of rise is not uniform, there is a radial concentration 
gradient. A longitudinal gradient also exists, and both result in 
mixing as a function of an eddy diffusivity, Eddy diffusion is another 
form of axial mixing, and is thought of as random eddies moving an 
average distance before mixing with the liquid in the new location.
Both axial mixing and bypassing also occur in the dispersed 
phase. Large drops do not remain for the average residence time, and 
small drops are carried by the continuous phase in the wrong direction. 
These effects are also influenced by the intensity of agitation, 
diameter and length of the column as well as fluid properties.
The result of backmixing of either phase is that of reducing 
the concentration driving force between the phases, thereby making the 
overall column efficiency poorer than if no back diffusion occurred.
In a compartmented device the extent to which backmixing between stages 
occurs depends upon the intensity of eddy motions within a compartment 
and the degree to which the compartments are isolated from one another. 
The manner in which backmixing is affected by the scale of the apparatus 
in turn affects the ease or difficulty of scale-up of that device.
Backmixing of the continuous phase may result from eddy motions 
due to convective flow of that phase or as induced by turbulence 
imparted by the falling drops, or it may result from entrainment of 
field liquid in the boundary layer surrounding the drops. It is clear, 
therefore that continuous phase eddy diffusivities should be determined
-  10 -
in the presence of the count er-currently flowing drop phase.
In addition xo the random eddy diffusion effect, there may 
exist longitudinal diffusions! effects specific in the forward 
direction of flow. Such effects may result from a velocity distribution 
in the continuous phase flow, from channeling flow due to the particular 
column geometry, or from other causes. Axial diffusion may be caused 
by a distribution of residence times for the dispersed phase flow - as 
may occur in film flow over packing or because of a wide distribution 
of drop sizes and, therefore, of fall or rise velocities.
Since the effect of axial mixing is to increase the column 
length needed to achieve a given extraction yield, it is important to 
know how this property changes with the scale of the apparatus and with 
extraction conditions. This requires on one hand a correlation of axial 
mixing in terms of flow rates, apparatus dimensions and the like, and 
on the other hand a mathematical model for the mass transfer - axial 
diffusion process.
Various workers have attemped to interpret the effect of back 
mixing on extractor efficiency, using one-dimensional diffusion model 
for the interpretation. The success depends on radial diffusion effects 
being negligible.
1*5* INTERFACIAL DISTURBANCE
Satisfactory correlation of liquid-liquid extraction data is 
often frustrated by the sensitivity of the performance to interfacial 
phenomena. This can result from the effect of contaminants on the 
surface tension or by the formation of an additional resistance at the 
interface. Mass transfer itself may influence performance through 
interfacial turbulence or by large changes in coalescence rates. These 
phenomena, which are especially unpredictable can alter the column 
hold-up and flooding-characteristics, the interfacial area, backmixing 
and the mass transfer coefficient itself.
-  11 -
One of the causes of interfacial turbulence has been
Q C  0(1
demonstrated * to be gradients in interfacial tension resulting from
concentration gradients along the surface, the so called Marangoni
effects* The occurrence and intensity of the gradients in interfacial
tension depend on the solvents and solute employed, upon solute
64
concentrations, and upon the direction of solute transfer * Studies
show that the interfacial disturbance subside in a close system when
the potential difference diminishes as thermodynamic equilibrium is 
6lapproached • When interfacial turbulence is developed, the rate of
convection differ in the two phases, usually (but not always^) being
64
higher in the phase of greater kinematic viscosity * Consequently, 
changes in solute concentration at a point depends, in part, on the ratio 
of kinematic viscosities of the two phases and the ratio of solute 
diffusivities of the two phases, since molecular diffusion alters the 
composition of each section of the liquid as it is conveyed towards the 
interface, acting more strongly in the phase of higher diffusivity*
It is basically established that coalescence of drops occurs 
in five successive s t a g e s a r r i v a l  of a drop at the interface; 
(2) mutual deformation of the drop and interface; (3) drainage of the 
continuous phase film which is trapped between the drop and interface;
(4) rupture of the film at a certain critical thickness; and
(5) deposition of the contents of the droplet into the bulk of the drop 
phase* The rate of drop coalescence for any particular liquid-liquid 
extraction system usually depends on the rate of drainage of the
88continuous phase film surrounding the drops* Mc-Ferrin and Davision 
found that the predominant factor in the drainage of continuous - phase 
films systems is the difference in interfacial tension produced over 
the surface of droplets. Mass transfer primarily affects coalescence 
in the sense that it causes difference in interfacial tension over the 
surface of drops*
-  12
1.5.1, IHTiilRffACIAL PBEtTOMMA
63A review of the subject hcis been given by Sawistowski . Of 
particular interest is the work of Stornling and Scriven^ who 
considered flows driven by gradients in interfacial tension or the 
Marangoni effect. They state that, "The analysis shows how some systems 
may be stable with solute transfer in one direction yet unstable in 
another, a striking result. It also suggests that interfacial turbulence 
is usually promoted by (l) solute transfer out of the phase of higher 
viscosity, (2) solute transfer out of the phase in which its diffusivity 
is lower, (3) large differences in kinematic viscosity and solute 
diffusivity between the two phases, (4) steep concentration gradients 
near the interface, (5) interfacial tension highly sensitive to solute 
concentration, (6) low viscosities and diffusivities in both phases,
(7) absence of surface active agents, and (8) interfaces of large 
extent.n
31
Groothuis and Zuiderweg found that two drops coalesce 
immediately when a solute which lowers interfacial tension transfers 
out of the drops, but not at all when transfer is into the drop.
Coalescence of organic drops in aqueous media is inhibited by 
repulsive forces due to an electrical double layer set up by ionic 
surfactants. These repulsive forces are weakened by electrolytes, small 
amounts of which can cause a large increase in coalescence rate.
Axial mixing affects the eddy motions of the drop population 
and the drops settling velocities. Presumably the smallest drops 
present are readily carried by the eddy motions in the continuous phase 
so that this size fraction is highlyT backmixod, thus serving as an 
ineffective recycle load within the extractor. The biggest drops 
settle rapidly and are not much affected by the continuous phase eddy 
motions because of their inertia. The motion of this fraction is more
a "bypassing” phenomenon in the sense that the contact time is much loss 
than that for the average drop.
When continuous towers are used for counter-current extraction, 
the phase contact produced is not sufficient to attain equilibrium 
conditions, and the amount of solute transfer that does occur is largely 
dependent upon the interfacial area between the two liquids phase and
the time of contact.
58Johnstone pointed out that the interfacial tension has a
great effect on the shape of the droplet. Decreasing interfacial tension
might result in smaller drops, which would materially increase the
interfacial area between two liquid phases.
59Chu. et al showed that the H.T.U. decreases almost linearly 
with decrease in interfacial tension. It is apparent that a wetting 
agent’s ability to increase efficiency is the same as its ability to 
lower interfacial tension.
For those systems in which the mutual solubility is quite low, 
the interfacial tension is high* From this it can be deduced that for 
aqueous systems in which a hydrocarbon is used as a solvent, high 
interfacial tensions may be expected and relatively low extraction 
efficiencies will be obtained.
Mass Transfer Studies
Mass transfer takes place under a variety of hydrodynamic 
conditions existing at the interface. Each of these conditions can be 
said to form a transfer regime. In general, three regimes are easily 
distinguishablei
(a) the diffusional regime (b) the turbulent regime and
(c) the transition regime.
In the diffusional regime there exists a proportionality 
between the mass flux and the driving force, that is the mass transfer 
coefficient has a constant value, This is the case when the mass
transfer process follows the simple laws of diffusion.
The presence of interfacial turbulence is the characteristic 
feature of the turbulent regime. The rate of mass transfer is governed 
here primarily by the intensity of spontaneous interfacial convection and 
less so by the hydrodynamic conditions of the bulk phases.
In the transition regime, that is in the region separating the 
diffusions,! and turbulent regimes, individual eruptions will occasionally 
occur without leading to instability or the appearance of interfacial 
turbulence.
The influence of interfacial tension driven disturbances on the 
rates of mass transfer in liquid-liquid systmes, in general is assumed 
that the process of interphase mass transfer consists of three relatively 
simple steps; diffusion of the solute molecules from the bulk of the 
raffinate phase to the interface, crossing of the interface and the 
diffusion away from it into the bulk of the extract solvent. Under 
normal conditions it is usually assumed that the resistance to the 
crossing of the interface (interface resistance) is negligible and either 
of the other two or both are rate controlling.
Should the value of. the interfacial tension be locally affected 
by the transfer process, the equilibrium of forces will be disturbed and 
movement within the interface may result. Such movements, which will be 
referred to here as spontaneous interfacial convection, are transferred 
by continuity of stress to the adjoining sublayers and in turn affect 
the rate of transfer. Hence the bulk Reynolds number can no longer be 
used to represent hydrodynamic conditions existing in the close vicinity 
of the interface.
60
Marangoni dealt with the spreading of oil on water but also 
included a general conclusion that liquids of lower surface tension will 
spread on liquids of higher surface tension. This phenomenon, generalized 
to apply to miscible liquids and solutions as well as to immiscible and
partially miscible liquid pairs is now referred tc as the Mamng'cni effect. 
Thermodynamically, io me' as that the interface will tend to assume a state 
of lower surface energy and does so by the spreading of areas of lower 
interfacial tension.
61lewis and Pratt while determining the variation of interfacial 
tension in the course of mass transfer by the pendant drop method observed
violent agitation of the drop surface accompanied by periodic eruptions and
1 62 "kicking" of the drop. Sigwart and Uassenstein ascribed this to local
changes in interfacial tension as a result of concentration changes
accompanying mass transfer.
Interfacial phenomena can affect either the mass transfer coefficient
or the interfacial area. The former is the only significant effect when the
depths of the phases, between which mass transfer takes place, are large in
comparison to the thickness of the liquid layers subjected to traction by
interfacial movements.- The local changes in curvature of the interface,
accompanying interfacial movements in such a case, do not significantly
affect the magnitude of the interfacial area. However, when the depth of
one of the phases is at least locally, smaller than the depth of penetration
of interfacial movements, it is the interfacial area which may change in size.
1.6. SYSTEM EQUILIBRIUM IHTERPRETilTIOH
The various ways in which equilibrium distribution can be treated
9
have been comprehensively covered by Marcus and Kertos • The possible 
specific non-idealities occurring in systems have been considered and when­
ever possible, means have been suggested to correct the experimental data 
for non-specific non-idealities. The mathematical treatment for the 
distribution data of simple molecules includes the case when the solute 
undergoes aggregation in the organic phase but remains monomeric in the 
aqueous solution.
1.7. DIEMJSIVITIES OF ELECTROLYTES - (Dilute Solutions)
The diffusion of an electrolyte is complicated by the dissociation
of the molecule into ions* Conductivity measurements indicate that the
various ions have different mobilities and consequently it might be assumed
that the various ions might diffuse at different rates. This would lead,
however to high local concentrations of positively and negatively charged
ions, and the electrostatic forces resulting would slow down the fast ions
and speed up the slow. As a result, the ions actually diffuse at equal
speeds, and the solution remains electrically neutral. Since the ions are
smaller than the undissociated molecules, they diffuse at greater rates.
6 5For complete dissociation, Nernst showed that at infinite dilution
the diffusivity of an electrolyte is related to the ionic mobilities in the
following manner? ~1 _ TT+ TT- (.. _ )
D rl + i- ) 1.7.
U + U“ (Z Z~ )
+ —where U and U = absolute velocities of the cation and anion respectively,
/ +  — 
cm/sec., under a force of 1 dyne at infinite dilution. Z and Z = valences
1 7of the cation and anion, respectively. R = the gas constant, 8.314 x 10
ergs/(gnole) °K. ^^1 = infinite dilution, sq cm/sec.
T = temperature °K. The ionic velocities, in turn, may be obtained from
conductance measurements. The values for acetic acid used are from
recalculation of Partington . For concentrated solutions, corrections
involving activity coefficients' and the effect of concentration on ionic
mobilites must be included*
1.8V ; POWER DISSIPATED IF LIQUID MIXING MW FIBASUREfWT TECHNIQUES
The required power input is dependent on the case-of dispersion : ■ 
(interfacial tension)and on the effective diffusivity. If very little power
is required a, baffle column or packed tower may operate as well as towers
with rotating stirrers, although the flexibility of variable power input is 
unavailable. Flexibility leads to less troublesome scaloup. Axial mixing 
increases with power input in columns with rotating stirrersuntil o/t some ■ 
point column height becomes ineffective in providing more' theoretical stages.
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Power. measurement can be classified as either mechanical or electri­
cal. A general survey and summary can be found in Holand and Chapman*^.
1. Mechanical Methods of Measuring Power
These methods depend on the measurement of torque produced by a 
rotating agitator. Torque measuring instruments are commonly called 
dynamometers. Newton1s principle of on action is opposed by an equal and 
opposite reaction forms the basis of-'the operation of these instruments.
For a simple dynamometer the entire drive unit is mounted on a thrust 
bearing and supported above the agitated liquid in the vessel. The rotating 
agitator imparts a mechanical force which is opposed by the liquid. The 
liquid in turn produces a torque on the agitator which is transmitted through 
the drive shaft to the motor. This reactive torque tends to cause the drive 
unit to rotate on the thrust bearing in the opposite direction to the 
agitator rotation. This enables the torque to be measured by transmitting 
the force through a mechanical linkage to a platform scale.
In practice, friction causes some of the reactive torque to be lost. 
Thus a correction factor must be applied to the power data obtained with this 
kind of equipment. The correction factor is found by measuring the force 
required to overcome the frictional bearing forces with the motor turned off 
and the impeller in airr
2 • Electrical Methods of Measuring Power
In these methods, the electrical input to the drive motor is 
measured directly with a wattmeter and changed to horsepower. A correction 
for power losses in the motor, bearings and gears should be made, since the 
agitator power is related to the electrical power input by a simple equation. 
Agitator power = Electrical power input - Electrical and Mechanical Power
losses. The motor efficiency.
ft Output Power 
w Input Power
Values for are supplied by the motor manufacturer in the form of graphs 
for various load conditions.
1.9. SYNOPSIS
The factors a:’ footing the performance of the oscillating baffle 
column are the oscillating speeds, flow rates of both phases, types of 
perforations on the baffles and oscillating amplitudes.
Data obtained during the experimental work have been analysed on 
the following basiss-
(a) Compute a measured extraction efficiency based on
solute content in the inlet and outlet phases of the fluids used
(b) Compute the longitudinal dispersion coefficients for both 
phases, obtained by impulse dye-injection experiments.
(c) Compute a real concentration profile of the dispersed phase 
based on measured local solute concentrations in the aqueous
or continuous phase and operating conditions based on mass 
balances. In this way longitudinal dispersion is taken into 
account but the experimental local values of solute 
concentration in the disperse phase are not determined.
(d) Compute a true extraction efficiency based on the 
differential equations of a one-dimensional diffusion model
and the values of the real concentration profiles of both phases
(e) Compare the results obtained by varying the amplitude of 
oscillating, for a given type of baffle, and similar operating 
parameters.
(f) Determine the effect of varying the column height and/or 
width of baffle on the extraction efficiency of the column.
(g) Find the effect of interfacial tension, hence contact 
area between phases on column operating condition.
(h) Compare the effect of different liquids on the operating 
characteristics of the O.B.C.
(i) Determine the power characteristics of the O.B.C. and 
R.D.C by electrical method, using a torque transducer.
(j) Compare measured results from O.B.C. with R.D.C. of 
related geometry.
(k) Analyse photographs obtained with a cin£ camera during 
operation of column,
(l) Interpret and compare result obtained on the O.B.C. 
with existing correlation on other continuous differential 
contractors.
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•CHAPTER 2
LITERATURE SURVEY
2.3.. MASS TRANSFER.
96Lewis prosenteel some correlations for determining individual 
mass transfer coefficient for binary systems in his three part paper 
on the mechanism of mass transfer of solutes across liquid-liquid 
interfaces. Ho found that the transfer of mass to the interface took 
pla.ce by eddy not molecular diffusion. By dimensional analysis he 
arrived at a relationship by which he could plot K ^ / v s  
(Re1 + fie2 (ffg /ftp )
he obtained a curve which he correlated bys- 
60 IC j/tq  = 6.76 X  1 0 '6 (Rc^ + Re2 Q lg /H p )1,65 + 1 2 .1 .
where K is individual mass transfer coefficient cm/sec.,
2
^Tis kinematic viscosity Jl/Q cm /sec.,
1 phase under consideration,
2 other pha.se •
Since the transfer coefficients depended only on the Reynolds 
number and physical properties of the two phases, the correlation 
enabled him to calculate individual coefficients for immiscible 
solvent-water pairs where mutual saturation techniques cannot be 
employed.
97Colburn presented simplified calculation method for 
diffusional processes, based on the general consideration of two-film 
resistances. The difficulty of a transfer operation is most simply 
expressed in terms of concentration change.to be effected in either 
fluid stream and of the driving force. This quantity has been
n o
defined as a ’’number of transfer unites”, (RTU) defined as follows 
(for equi-molar counter diffusion)
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1,2 terminal conditions
x,y mole fraction of Solute in the liquids
x*, y* equilibrium value of x, y corresponding to y,x respectively 
similarly for equi-molar counter diffusion in the x phase
•tiTTTTTT H  l d X  ^  ,
M  = UroJ = i 2-5-
j X2
where IMF height of transfer unit ft*
109Brunson and Wellek presented a large number of existing relations
describing mass transfer within oscillating droplets and critically
compared them with experimental data in which resistance to transfer is
predominantly inside the droplet. They develped several new relations
to estimate oscillating droplet extraction efficiencies*
91L.E, Johns et al gave an outline of a method for using the
fundamental drop correlations to predict simple extraction performance.
They discussed models of the transport mechanism based on the theoretical
considerations and the resulting expressions for the transport
coefficient were presented, together with their solution limitations.
The determination of the mass transfer for the models depended
on the ability to combine the effects of hydrodynamics, diffusional
transport and interfacial behaviour on thm- passage of the solute between
two liquid phases. Generally the viscosity, density and surface tension
of the liquid phase will depend upon the concentration of the transferring 
92solute. Griffith paper included equations for specific condition and
95derivations using Hadamard solutions for dispersed phase. Handos and 
94Baron have derived a turbulent mixing model to estimate the mass 
transfer coefficient for a spherical drop. Chernyshev'*'^ described 
mass transfer process in counter current equipment by a partial
differential equation of the hyperbolic type* .
2.2. Axial Mixing.
T 07 121Landau" and Proehazka and co-workers continue to be among the most
active in dealing with backmixing dynamic behaviour and the general
characteristic phenomena of fluid mixing in extraction towers. Their
works are excellent and most comprehensive and should be referred to
by all interested in backmixing phenomena and the related effect on
efficiency.
99 100Axial mixing solutions are based on a simplified model and
their .application is limited, especially by the condition of linear 
equilibrium relationship. Rod^*"^ proposed the diffusion model of 
backmixing be approximated by a finite difference model and the resulting 
difference equations he solved graphically on a distribution diagram.
The graphical method described enables the calculation to be carried 
out eveh for systems with curvilinear equilibrium relationship, and is 
very simple for the case of longitudinal mixing in one phase. In the 
general case, trial and error solution is necessary. Several techniques 
are available for determining axial mixing and they are discussed 
lucidly by Klinkenberg,’*'0^
105Himmelblau and Bischoff " in an annual review of mass transfer
104
gave eight references on axial dispersion. Le Goff and Prost" have
begun the construction of relatively simple mathematical models to
represent porous media structure® Wilburn^ discussed the mathematical
determination of the concentration profiles in counter current extractors.
105
Levenspiel and Smith ' presented a diffusion-type model for longitudina 
;
* * ■ p  Q  *
mixing in flow, and this was further developed by Van der Laan,Vy
108Sehmel and Babb ' studied longitudinal mixing in the continuous 
phase of a pulsed sieve plate solvent extraction column using a steady- 
state injection technique.
GO £Q0
Miyauchi, HcMulleh and Vermeulen and also Sleicher have * 
published solutions of the one dimensional eddy diffusion-mass transfer 
model5 in terms of the over-all fraction extracted, the solution takes 
the form.^
» Cn /  Yf **» — *• m %''} 2*4,
,\ V'f Et -s as J
These solutions show that when feddy.diffusion is significant (V^ . L/E^ , 
and Vsl/£s small) then \|) is most sensitively affected when the number 
of transfer units Kal/V^ is large or the extraction factor, mQ^/Qg is 
large.
124Logsdail and Thornton showed that HTU increased with column
diameter, probably due to backmixing effects. Similarly, Phillips and
3 2Thacker' showed that the over-all HTU in 3 in*diameter spray and packed 
columns increased with column length, a result that probably reflects 
an axial mixing contribution as well as entrace effects. For RDC
47
Vermijs and Kramers 1 show that backmixing adversely affects efficiency
25above a certain rotor speed, and Strand, Olney and Ackerman ' report 
that both the eddy diffusion and axial diffusion Peclet numbers can be 
correlated in tejsms of certain geometry ratios and the ratio of rotor 
peripheral speed to flow velocity. .
2.5* Drop Studies.
A few experimental studies have dealt with the distribution of
sizes present, but there are no theoretical studies which adequately
explain the mechanism of formation- of a size distribution, Concepts
15relating to the Kolmogorou theory of local isotropy in turbulence
1have been introduced by that author and by Hinze in order to characterize 
the maximum stable drop size in terms of the average energy dissipation
* will *
per unit mass,^ • For veiy dilute concentrations of drops in a 
turbulent field Hinze proposed the relation.
where A is a constant* • ' -
Hixisse arrived at ■& value of A » 0*72 based on the data of Clay^ for
the 95$ diameter drop in a rotating cylinder apparatus* However, the
combination of this value of A and the exponent -2/5 is not the best fit
17to-the Olay- data, Sleicher , in studying maximum stable drop sizes in 
a pipe turbulence, cohcludes that breakup occurs predominaily by Shear
2*6.
in the wall region, and correlates his data 'With the relation,
■£j"“ y —
23Strand et al. compare %». 2*5 with data for dnax determined in a H.H.C. 
and snow that the effect of disc speed differs somewhat from that given 
by •£ “/5 and that the coefficient A varies^ , depending mainly upon 
whether the organic phase or the aqueous phase is dispersed.
The average drop size d is perhaps a more meaningful quantity for 
the correlation of extraction data, if only a single parameter of the size 
distribution as to be measured, and this property (or the average interfacial 
area per unit volume, a: } .has been determined in several investigations•
3 8-21for stirred Vessels the studies and correlations from five investigations ’
should he. mentioned. The first four of these correlations differ in
details, but they show about the same effect of impeller speed on d as given
■3 Pby Bq* 2.6. for drnax, if one takes £. * Kit XT.
22The work of Rodger of al. for more concentrated dispersions shows
123a smaller effect- of impeller speed on d arid Shinnar and Church proposed
%
a rationalisation of this in terms of a drop coalescence probability. 
Information concerning- drop formation and the resulting size
distributions have been reported in spray towers r, in rotating cylinder
16 15 26apparatus* , and in stirred vessels. i-mgele and Evans ’ propose a
codification of the- -Io£~pr6babllity equation, bounded in the upper limit 
by the maximum stable drop .-size,, to represent the size distribution of 
liquid - liquid, dispersions. In this connection, it should be mentioned 
that in a flow contactor one is also dealing with a minimum drop size, 
i.e., the size just larger than that entrained by the counter-currently 
flowing continuous phase, therefore it is reasonable that a si^e distribution 
in flow apparatus be bounded by these maximum and minimum values, dm and do*
The drop populations formed in4 most dispersion devices contain a 
rather wide distribution of sizes. High speed photographic studies of the 
distortion, oscillation and breakup of individual drops in a population 
should prove helpful*.. Such studies might show, for example, the fraction 
of drops undergoing distortion or oscillation at any instant of time under 
turbulent conditions and whether breakup is predominantly due to filament 
jrupture or to oscillation; also they might explain the origin of the many 
Small drops observed in a distribution.
i
I The significant point is that a transfer rate calculation based on an
kverage condition has no certainty of being correct when the local 
coefficients Kd and Ke, area a, and contact time i vary with the distribution 
of sizes in a continuous column.
The movement of a drop population through a continuous phase is 
an important aspect of liquid extraction since the velocities ox the drop 
phase determine the contactor capacity and since the relative motion 
between drop and bulk fluid affects the convective mass transfer between 
phases* The movements of drop swarm are affected by the characteristics 
of the drops and the fluid immediately surrounding them and by the distribution 
of the drop sizes, hindered settling and coalescence effects caused by 
close spacing between neighbours, and the average velocity and the local 
eddy motions of the continuous phase.
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2 6Hughes and Gilliland proposed a correlation based on the
group ^/Se/c ~ and and the properties group Hu «
'P 2
Cc/jHc , which is particularly easy to use for numerical calculation.
27Hu and Kinter correlate their data in terms of C, (Re), (We) and
/'} n  — 2  /  2 0
Cc u v g  pc A v  » and Idee and Treybal correlate the data from
several studies in terms of C, (Re) and (We) using separate equations to
represent the regions on the two sides of the drop peak velocity.
The acceleration drag of drops has been considered by Hughes
and Gilliland and drop motion during the acceleration period had been
29studied in recent years by Ingebo and Pearcey and Hill. Various 
workers have reported that terminal velocity is achieved after arise of 
about 2 to 4-in above the formation nozzle and may be quite important in 
perforated plate columns containing trays at close spacing or in pulsed 
columns.
Most workers have attempted to handle the problem in terms of a 
characteristic velocity for the drop population,
- e i (Ia  2.7.
I'd'
where the factor B is greater than or less than unity depending upon
whether hindering effects or coalescence effects predominate in the
contact zone. The velocity u shou.ld be equal to the terminal velocity
of the volume-surface mean diameter of the distribution if the
assumptions which support Hq. 2.7. are valid. With this information and
the measured hold-up at flooding, If , one can in principle determine
the maximum column capacity (V.) max or (V ) max at any flow ratio* Knowing
CL C
V^ and V^  and the hold up for a feasible operating condition one can 
calculate the average drop diameter d corresponding to u and so obtain . 
the interfacial area- a. This, combined with the individual film 
coefficients Kd and Kc, gives ultimately the overall mass transfer 
coefficient Ka.
depending upon the time before redispersion and the internal mixing process. 
Further, the conditions that exist in a dispersed system when interaction 
rates are very high may be quite unlike the conditions deduced from studies 
of the dynamics and mass transfer rates of single drops. Such high rates 
may lead to extreme drop distortion and higher rates of surface renewal than 
are contained in any of the single - drop theories.
Primary dispersion device has only a minor effect on the ultimate 
drop size distribution when interaction rates are high. The likely result 
is that the ultimate size distribution is attained rather slowly when inter­
action rates are low, whereas the equilibrium dispersion is coarser but is 
attained more rapidly when interaction rates are high.
The collision frequency, the probability of coalescence per colli­
sion, and the drop life time before redispersion are events that may be 
affected quite differently by the number of drops per unit volume, the 
turbulence scale, the intensity and homogeneity, and the short range surface 
forces.
The rate of coalescence of drops has been shown to increase in some
cases, when solute transfer occurs from the drop phase into the continuous 
30
phase. Striking photographs showing the influence of direction of solute
31transfer on the coalescence of drop pairs are given by Groothuis and 
Zuiderweg. Hinze"** stated that the forces controlling deformation and breakup 
comprise two dimensionless groups; A Weber group Nwe and a viscosity group Nvi. 
Breakup occurs when Hwe exceeds a critical value (Nwe) crit. Taylors experi­
ments on the breakup of a drop in simple types of viscous flow was studied.
It was shown that (Nwe) crit depended on the type of deformation and on the 
flow pattern around the globule. For this case (Nwe) crit showed a minimum 
v a l u e 5 at a certain value of Nvi and seems to increase indefinitely 
with either decreasing or increasing ratio between the viscosities of the two 
phases. In dimination processes functioning by inducement of turbulence in 
the continuous phase, it is the kinetic energy of the turbulent motion in the
phase that brings about the breakup of the other phase*
2.4. MOP SIZE M B  Y^LOdim JDISfHimiTIQN STUDIES*
Various methods have been used to measure drop size distribution 
or the average drop size, includings
159 151
photographic teohniques by Sndoh et al * Chen et al , "oin
128 129dropping** technique described by Crofton , Rose and Whyllie , and as
I9*7 152 155shov/n by Calderbank and Rennie the Coulter Counter by Sprow ’
22 18light absorption technique by Rodger et al and Yermeulen et al, and a
= 151
fast chemical reaction by Fernandes and Sharraa .
2*5* OOIiUiiR GBOMTHY. HFFEOTS*
Tower Height
As yet, the height of a contactor required for a given duty cannot 
be calculated from first principles with any certainty since the mechanism 
of mass transfer is extremely complex* Approximate values can be obtained 
however for engineering purposes so that a pilot plant column can be 
designed of. reasonable dimensions for the intended duty. Final design 
information is usually obtained with laboratory or pilot scale 
equipment•
2Nandi studied the effect of column height in a spray tower and
found an increase in height of transfer unit (HTd) with an increase in
column height. At high tower heights* the HTU tends to level off as the
x
end effect becomes decreasingly important. Kreager et al found that the
(HTU)ow decreases as the height increases. The height to diameter ratio
for the tower may be an important factor, since at high values of this
ratio more truly counter current action is probably obtained and this should
lead to a lower (HTU") inside the column. v ' ow
End Effects
4Wiburn has shown that end sections have a considerable influence 
on the concentration profile and the outlet concentrations. He proposed 
boundary conditions in the diffusion model to take into account the
stagnant liquid in both end sections of an apparatus. It should be 
mentioned here that the physical picture leading to mathematical 
formulation of boundary conditions are in fact only a very rough 
approximation to reality because of the very complicated hydrodynamic 
Conditions at the phase inlet and outlets. The higher the column, the 
smaller are the inaccuracies introduced.
2.6. CONTINUOUS DIFFERENTIAL CONTACT EQUIBCENTS
Equipments in v/hich immiscible liquids flow counter currently in 
continuous contact, without periodic settling and physical separation from 
other, can be built to contain the equivalent of as many stages as desired.
The performance of these extractors has been studied by many workers.
A review of these extractors has been given by Treybal;5^ including works 
on, SPRAT TOWERS by Laddha52, Ruby and Elgin55, Geankoplis54 et al, Gier 
and Hougen55, PACKED TOWERS studies by Pratt^ and co-workers, Gier and 
Hougen55, Ingebo25? ROTARY ANNULAR EXTRACTORS reports by Thornton55 and 
Davis40? SCHEIBEL COLUMN by Scheibel116; ROTATING DISC CONTACTORS experimental 
works by Reman‘d ,  Westerterp and Landsman41, Thomas42, Strand, Olney and
Ackerman25? OLDSHUE-RUSHTON COLUMN by Oldshue and Rushton118, PULSED
4-3EXTRACTORS the general principles originated by Van Dyck and works by 
Jealous44, CONTROLLED CYCLING EXTRACTORS works by KcWhirter and Lloyd112,
Szabo et al115, Bolter and Speaker114, and by Darsi and Feick110* SLOPING 
PULSATING EXTRACTORS reported by Konovalov and Romankov115, experiments by ' 
Bolotnikov .and Romankov80; VERSATILE NEW LIQUID EXTRACTOR by Treybal120;
and THE OSCILLATING BAFFLE CONTACTOR by Thomas55, early work is reported
*51 52
by Thomas and Chui , Thomas and Weng , and the present study is a
continuation of the research.
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CHAPTER 3
PROPOSED SCHEME OP STUDY OF TIIE PERFORMANCE CHARACTERISTICS 
OF THE OSCILLATING BAFFLE CONTACTOR
3.1. RESIDENCE ..time stupy
It is usually assumed that the fluid in a vessel is completely mixed 
so that its properties are uniform and identical v/ith those of the outgoing 
stream. This assumption is frequently made the basis of calculation for 
stirred reactors. •
Elements of fluid which enter the vessel at the same moment move 
through it with constant and equal velocity on parallel paths, and leave ’ 
at the same moment. This type of flow is known as "piston flow". There 
are many cases where neither type of flow corresponds exactly to the facts,, 
and it is important to examine the discrepancies between the assumed and 
actual behaviour of such systems, and where necessary to allow for them 
in calculations. A part of the Inlet fluid may be caused to move faster 
than another part because of diffusion (molecular or turbulent), velocity 
profile due to skin friction, or forced convection due to ay itation. As 
a a consequence* the exit stream will consist of a mass of molecules some 
of which have been in the system for a longer time than others. There is 
a distribution, or spectrum, of residence times, which is characteristic 
of the system. This variation in residence times is a property of all 
continuous-flov? apparatus and can have a significant effect on the behaviour 
of the system and the composition of the exit stream.
5.1.1. Theory
105The theory has adequately been covered by Levenspiel and Smith
when they considered a fluid flowing through a pipe which stretches to
infinity in either direction. If a tracer is injected essentially
instantaneously into fluid at rest at h ~ 0, the tracer distribution as a
125function of time t and distance h is, from Carslaw,
ryr “ fo ■ T ■.
G a e 4&t 5*1*
1Q2 P
levenspiel and Smith"' J developed the variance <T* ' using the formula of
in, 150 V/ilxs thus
3.1.2, C-diagrams, ,.,^ Jdla.9^ r^ s..,and...a^ d^lstribution.>ftaict'iofts^
If-.dye is injected into a flow system and t M  fraction of dye in
the outflow at time t later be F(t), The plot of ?(t) vs vt/V will be
70
called an ,lF~diagramn as defined by Danckwerts , Figs, 1 (a)-(d) show 
F-diagrams for some r epresentative types of system. While plots of 
VC(t)/Q vs,* vt/V* may be called C-diagraras and are shown in Fig,2 for the 
systems wdppes F~diagrams are in Pig.l.
3.1.3. CALCULATION OF THE DISPFHSION COKFFICIlTiT
The method adapted here involves taking series of tracer concentration 
readings during experimental runs.
To estimate the variance of the time-coneentration curve formula 
(5.2) is modified, essentially by replacing the integrals by finite suras 
and by replacing the theoretical function of equation (3.1) by the observed 
concentration readings, Thus, the modified formula is'
o-2 = z F f  k i t  A 2 —  i , I ?»?•
£ £  ( A f
where f corresponds to or is proportional to CV/Q and the summation is 
taken over all the uniformly spaced readings. Note that neither the 
Quantity of injected tracer nor the actual outlet concentration need be 
known. Also, it may be seen from tracer outlet measurement that the time- 
concentration curve has a long 3tail5. This is in accord with the theory 
which indicates that such a situation should occur for the B/uL value of
151this test. Skewness of this sort has been found experimentally by Taylor
and various explanations have been proposed to account for it.
The tails of the curves are quite long and are due to back mixing,
•and it is difficult to say when the zero concentration has been achieved.
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Sater assuming the tail to follow an exponential decay curve, for 
large valves of t, the log of Concentration C plotted against time t will 
yield a straight line. The tail then can be represented by

The tail end of the curves are plotted on semi-log paper. From when the 
points fall on a straight line, the line is extrapolated to aero to
obtain time at C = 0,
When the data start to deviate from a straight line at a point
say p then, the moment of the curve for t p is given by
1
*5
c dtfc - c, (at,) - c ’ j.5.
o<S
\ c l  cit - r , c t p t )  - l c '"•
o
J c V d t  = L c t  ^ b )  = g  C, t,
O
Fo r  fc >
5.6,
-7.
oC e»C
c dfc f I .  “  z  Q
J k t  dt - k-e, 5-8,
/  AO __ q  .
ct At = (^t+i) .^9.
Jo Y 1
'Q
ct' db  ~ k, ^  5#i0,
<^1>
The sum of introducing Equations 5*5 - 5*7 and Equations 3*8 - 3*10 into 
the right hand side of Equation 3*5 gives the variance of the time 
concentration curve. The model which gives Equation 3*1 treats multistage 
reactors or extractors as. plug flov/ devices with superimposed axial
dispersion. The variance of the residence-time distribution by this
89 / \model is given by Van der Lann (case iv for closed channels)
3.1.4. RELATIONSHIP BETWEEN THE M E M  RESIDENCE TIME AND THE VARIANCE OF
- THE time concentration curve
In the time concentration curve, the definition of mean residence
time is
y~ t. G(t. )
ti = JQ t. G(ti) dt = - f H h t j -  - - f f  3-12.
So, the mriance of the time-concent rat ion curve will be:
2 2 / _2
CTi 88 ^t. /  t. “ ‘ — ------ Lfrr;Jl— ' 3.13.
1 / 1 ZjLtfX2
Z f
where i refers to the perticular phase under investigation.
3.1.5* LONGITUDINAL DISPERSION COEFFICIENT AND PECLET NUMBER
Peclet number is defined as
TJ. L
p . 3.14.
61 xi
where hold up is taken into consideration and the superficial velocity U
replaced by real velocity (see chapter 6),
Equation 3.11 derived by Van der Laan gives a relationship between
2Peclet number and variance. A graph of variance CT against Peclet number 
can then be plotted. Equation 3*13 give the value of variance obtained in 
a test which can be put into Equation 3.11 ani hence obtain the Peclet 
number, and knowing U,L and ^  for a given operating condition, the value 
of E, the longitudinal dispersion coefficient can then be obtained.
3.2. DROPLETS STUDY
As the operation of contactors depends on effective mass transfer 
across liquid-liquid interfaces, then obviously the transfer is strongly 
affected by the amount of interfacial area present.
When two immiscible liquids*are agitated, a dispersion is formed in 
which continuous breakup and coalescence of drops occurs. After some time 
a dynamic equilibrium is established between breakup and coalescence and a 
spectrum of drop sizes results. Despite the fact that drop size distribution 
is a significant factor apart from its influence on the average particle size 
and the total interfacial area, little information exists from which one 
may predict the distribution function and the manner in whioh it changes, 
with agitation parameters and physical properties of the immiscible phases.
Both still and motion picture photography have been extremely 
useful in capturing bubble and drop phenomena in a form of record which 
often reduces the personal factor inherent in observations. Photography has 
aided in the resolution of many phenomena, usually by the acquisition of 
qualitative information. The principle uses of photography in bubble and 
drop investigations have been to record the shapes of dispersed 
particles‘“^ ,^ ^  and the velocities at which they travel ^34*1354 with a 
reference scale in the scene, drop and bubble sizes may be quantitatively 
determined^^*'*'^. High speed motion picture tecimiques permit observation 
of the nature and progress of such fast phenomena as bubble or drop 
formation’**^ ' coalescence^ or breakup.
3.2.1. SAUTER MEAN DROP DIAMETER d^z.
One parameter of interest which can readily be obtained from the 
particle counts is t ;e Sauter mean drop diameter d^g, where
• „  , 1>5 
%z-
This mean diameter is related to the surface area per unit volume and the 
volume fraction dispersed through the equation
c H z , -  - 5— . 3.16.
3.2.2, DROP SIZE DISTRIBUTION.
The volume frequency of drops could be examined according to normal
distribution function, the log-normal or the Rosin-Kammler types of 
distribution to see if experimental data could best be represented as 
cumulative•volume on probability paper with drop diameter on an arithmetic 
scale.
The log-normal distribution often adequately describe droplet sizes, 
particularly when the droplets are produced by pneumatic atomization and by 
most of the mechanically agitated liquid extractors. The Rosin-Rammler 
distribution is usually applied to data that are too skewed, i*G* biassed in 
favour of the very large or the very small sides, to be fitted as a log­
normal distribution. In fact, a distribution function might be devised to 
fit almost any particular case. The reason those mentioned are so often 
employed .is due firstly to their having been found experimentally .to fit a 
variety of situations and secondly to the fact that mathematically they can 
be employed to yield information beyond that initially measured,
3.2.2.A* NORMAL DISTRIBUTION.
intervals, each group will contain a certain percentage of the entire number, 
volume, mass, etc., of the drops measured. If then the percentage frequency 
of each group is plotted against the midvalue of the group, a frequency-. 
distribution curve for the droplets will be obtained, and such a curve is 
described by the relationship,
n;. •  £  a /t-(ztOV8 «■ * e  3J7 ..
where r.i is the frequency of observation of the diameter di; ni the total 
number of observation and M and L are terms that fix the position and shape 
of the curve. The term & locates the position of the vertical axis of 
symmetry, and hence, is the arithmetic mean of the observations; it is just
If droplet diameters, volumes, masses etc., are grouped in equal
The term L is a measure of the dispersion of' the
observations, it is called the standard deviation and is given by
3.18
"When the quantity measured was droplet diameter, M corresponds 
to the arithmetic mean diameter.
3.2,2.3. LOG-NORMAL DISTRIBUTION.
In mechanically agitated liquid contactors, the distribution ' - 
appears to be governed veiy often by the log-normal law. According to this 
distribution law - ratios of equal amount in excess of or below a mean 
value are likely to occur. The results are not symmetrical about a vertical 
axis, and if the logarithms of the measured quantities are substituted for 
measured quantities a symmetrical curve will result. When this condition . 
obtains, the parameters M and L become, respectively, the log-geometric 
mean and the log-standard geometric deviation and are written and defined
as (.09 ? V = =  £^(n't'J*3dl) / 2 2 n,'v JJL9.
log l-s =  ( H nl / y  & 3.20.
In order t6 establish the correlation between the droplet diameter and the 
corresponding fraction of droplets of a given diameter the experimental 
data can be plotted on log-probability paper with drop size on log-scale 
and laying the cumulative frequency fraction less than a stated size on the 
probability axis. Such a summation'plot, if the log-normal distribution 
is obeyed, produces a straight line.
3*2.3* SKEWNBSS PARAMETER
It is assumed that in an agitated system, there is an upper limit
to the possible size of drops. For such a situation, the distribution
-25quantity is given by Mugele et al
1 k =  U 9(wcl/(dm M - d ) «  logW 3*21.
where Tsf is a dimensionless constant or a skewness parameter and dma* 
is the maximum drop diameter.
3.2.A. MAXIMUM DROP SIZE.
If one plots the droplet diameter d against cumulative volume
fraction on a log-probability grid, a smooth 'curve is then drawn to fit these 
points* From the probability axis, the 10th, 50th and 90th percentiles are 
read off, to get the values of dl0 , d*>0 and d<j0 correspondingly from log- 
-,axis ,
Then the value of d ma* can be determined by the equation
max
The choice of the 10th, 50th and 90th percentiles is arbitrary, however since 
the distances between points 10 to 50 and 50 to 90 on a probability scale 
are equal, a geometrical relationship can be established to estimate certain 
unknown variables,
3*3* Mass Transfer, longitudinal mixing and.Extras »;ion in Mechanically 
Agitated liquid extraction contactors,
3,3*1. INTRODUCTION
In agitated contactors the droplets can.experience one or more of 
the following situations
(a) The droplets may rise freely within the contactor,
(b) The droplets may collide with part of the agitator and break 
down into two small droplets.
(c) droplets may collide with part of the agitator and bounce
off without breaking down,
• (d) The droplets may be distorted as they squeeze through the
perforations on the agitator.
(e) The perforations on the agitator may be so small that the
droplets are arrested and coalesce before a sufficiently large 
head is built up to redisperse the coalesced phase in the 
form of fresh droplets.
The magnitude of these effects depends- not only upon the properties
of the extraction system but also upon the droplet size*
In liquid-liquid extraction, a number of mechanisms have been
suggested to represent conditions in the region of the phase boundary*
The earliest of these is the Two-Film Theory (mentioned in the introduction)
% 6 ■" * propounded by Whitman Higble unsteady state penetration theory which
has been modified by Danckwerts is well known# A theory which .
incorporates some of the principles of both the Two-Film Theory and the
Penetration Theory has been suggested by Toor kid Marchello'^.
Ki shine vskij has developed a model for mass transfer across an interface
in which molecular diffusion is assumed to play no part# e
In most cases,, the value of the transfer coefficient cannot be 
calculated from first principles# However, the way in which the coefficient 
will vary as operating conditions are altered can frequently be predicted 
by using the theory'which is most* nearly applicable to the problem in 
question# As has been state earlier, the Whitman two film theory has been 
remarkably successful in interpreting the results of most two phase mass 
transfer Operations of industrial importance.
Longitudinal mixing in liquid extractors is the combined effect of 
two phenomenons that due to turbulent and molecular diffusion in the axial 
direction and that resulting from a non-uniform velocity across the cross 
section of the contactor* It exists in both the continuous and dispersed 
liquids; Methods of taking it into account in the design of extractors 
have beer, developed^ * ! but these depend upon having at hand experimental
measurements of°the axial mixing effect, or means of predicting it#
Methods of measurements have been reviewed by Levenspiel'^ and actual 
measurement-in'different extraction equipments has been reported by5 
Bibaud and Treybal^^#
3#3*2. Diffusion and mass transfer, for steady state countercurrent 
processes.
T Top
H
af
i t : «ih
® Bottom
Q4fx b JQ * %
Fig.5 Steady-State Continuous 
Counter-current processes.
3.3.2.A. MATERIAL BALAV"SS
Consider any mass-transfer operation conducted in a 
steady-state countercurrent fashion as in Fig.3, in which the apparatus 
used is represented simply as a rectangular box* If the solute concentra­
tion in the continuous c and dispersed d phases are y and x respectively,
Q the volumetric flow rates, and the top and bottom of the tower respresented 
by the letters t, and b, then the material balance over the entire column 
becomes
Q c ab + Qd X k -  Q c \  +
Q. * Qc^t “ Qc
QdCxb-ocv,) = QcCst-Mb)
•Kt - X b e Qt ( 'J .-S b )
Q d
.23.
.24.
TShere inlet continuous phase is a single component e.g. water « 0
D
let the flow-rate ratio be R.
then equation (3«2’4 ) becomes
X *  * v  3.25
Hence the general relationship between concentrations in the phases at any
Hisection of the column will be, for the i section
"t* 3*26*
3.3.2.B, NUMBER OF TRANSFER UNITS
The Two film theory based on a description of the elementary process 
of mass transfer -between phases, usually mathematically expressed 
(Equations 1.1 and 1.2) as
N ■** ko^ O3? ~ 3*27*
N  .  - k o c t'i-'i*) 3.2a.
. I
Considering mass transfer over differential section ah and column cross 
sectional area s-, solute transfer rate is given by
an.= Kad (x-x* )s. dh 3.29.
and dN = Kac (y* -y) S .dh 3.30.
When Ka^ and Kac. are the overall mass transfer coefficients.
Material balance over dh gives
dN = Qd dx = Qc dh 3*51 *
= Qd dx = Ka^ j (x-x* )3, dh 3*32.
By integration, Overall Number of Transfer Units for dispersed phase is 
given by
(jot) = Kaj Bjl = f 3.33-
— tr x  ~ oc
Qd J
' Similarly for the continuous phase.
NTU = Kac S.H dV 3*34.
Vi*-9
Qc
-  44 -
3.3.2.C. HEIGHT OF TRANSFER UNITS
The Height of Transfer Units (HTU) is defined as the ratio of 
volumetric flow rate across a unit cross section to the overall coefficient 
of mass transfer, namely
(HTU)L = Ui/Ka*u • 3.35.
where i refers to the particular -phase, U the superficial velocity of the 
phase. By definition U = Q/S,
Hence from Equations 3*33> 3.34 and 3*35.
(hTu)^ = H/(nTU) l 3.36.
3.3.2.1). PISTON FLOW VALUES OF H.T.U.
In absence of axial mixing, in the ideal situation, the flow is
99assumed in the forward direction only. The apparent NTU is defined
in terms of the logarithmic-mean driving force, over the entire contactor
as
(NTU) ^  | dx/(x-x*) = (xh -xb} / (x-x*) lm
= Kad H/Ud 3.37.
where - x*) lm = - x ^  xfe) Z^ 1 (xfc Z ( x^-“ x b') 3* 33.
Similarly for the continuous phase
^ c p ’ f c %  - 6 * . - ^ ) / ^ ) * "  ' - n S r  3.5*
icl
(y- ^  « (.'*-'30 - C'it-'SO/u 3.40.
Hence, the piston flow (HTU) are given by.
(HTU)cp * W/(NTU)*P 3-41.
and CUTu)iP ’ W/tNTU)dP 5-42.
and
3.3.2.E. TRUE M D  MEASURED HUMBER OF TRANSFER UNITS
In practice --here is a deviation from piston flow due to 
longitudinal dispersion which may occur in either or both phases during 
flow through the contactor. This has been discussed in detail by Miyauchi
Detail analysis of Equations 3*42 and 3*43 can be found in Chapter 7*
Some confusion appears in the literature concerning the signs
in these equations, and clearly they will be dependent on the driection
of flow of the phases relative to the column.
These differential equations relate bulk transfer due to flow,
mass transfer across phase boundaries and longitudinal dispersion
2 2 2represented by Eq d y/dh and d x/dh. Quite often the two latter 
terms are considered to be equal in value for expediency but in fact this 
is not so although in certain cases they may approach each other in 
value. An integration of these equations leads us to the true values 
of (Ka) and (Ka), and R.T.U. for the prevailing conditions. In this
C  CL
case we can define the true values of N.T.U. and H.T.U. based on 
98Colburn as.
142Derivations based on Daokebler^s original troantnent yield
equations for the present case as followss
(Ka)c (y* - y) = 0 3*43*
~ UcLx + (Ka), (x~x*) « 0
,, 2 dh dh
3*44
3*45
3 • 46>
The number of transfer units will then be given by;
TKU£ ( n t u ) c « H 
(KTvi)tfc U c
3.47
T r u e  ( ^ T u )d k  "  J tL . * C K O d . H
C ^ a t  ~ ^ T
3.48.
Miyauchi and Vermouler?^ introduced a concept of measured values of 
N.T.U. and H.T.U. Their purpose was to include deviations from piston flow 
A typical diagram which illustrates the situation for a whole .column is 
given in Pig.‘4.
Solutt Ccrfico. 
in organic.
* T "
Apparent
Concfl.
Actual Coacn.
i SoUl«- concn. in 
acyjeous pV»ase.
h»0 h-h
DISTANCE ALONG- COLUMN
Pig.2^. - Concentration profile over a column
,99The measured values for NTU as proposed by Miyauchi and Vermeulen are 
given by.
cm
measured - (n t u ),   *» (Ko) cm . H 3.49
(UTU)cm U c
measured L <*%. ^ JjL 9 CKa) a • H
x . X- X *  (UTU)dm U d
3.50
In calculating (NTU)^ and (NTU)^ the real concentration profiles
are required for the olumn. It is comparatively direct to measure y
along the column, hut the sampling and analysis of the disperse phase is 
extemely difficult and subject to considerable errors in x values. This 
is turn leads to errors in y*.
This method of calculating N.T.U, does not give the true value 
of N.T.U. as would be obtained from solution of the differential equation.
It is therefore necessary to introduce a "correction factor". The 
difference as stated by Miyauchi and Vermeulen is due to the fact that 
mass transfer is not the only factor producing concentration changes:
(NTU)^ = (NTU)m + (correction factor). 3»51*
3-3.2.F, APPARENT MEASURED VALUE
The concept of an ’apparent measured value' was suggested by 
51 52Thomas * et al, where
(y
t -Ay... = -Ji_r = 5.52.
y*-y (HTU) U
Tb
(NTU),v /d appm
x * t
dx _ H _ (Ka)d annm H ^
x - x* ~ THTUJd appm ~ U^
^b
The solute concentrations y and x are directly related by the 
piston flow model as shown in fig. 4* If "the actual value of y is 
obtained by experiment and x calculated from a material balance, then the 
piston flow value is modified to give an apparent measured value for 
N.T.U. which does not correpond to the Miyauchi measured value where 
both y and x are real and measured. We thus haves 
(NTU)^ » (NTU)m + (Correction factor)^
= + (Correction factor)^
+ (Correction factor)^ 3*54*
Where the longitudinal mixing is of a magnitude to significantly affect 
the continuous phase but not the disperse phase, then this method should 
yield good results,
COMMENTS OP N.T.U, VALUES
It is most important to understand the relationships between the 
various definitions of N.T.U* if a column is to be properly assessed,
A clear picture of column performance requires a detailed study of 
longitudinal dispersion factors. This has been done in the present study 
to determine the true performance of the O.B.C.
3.4* DYNAMICS OF LIQUID AGITATION 
Power Requirements in Liquid Mixing
This study considers the effects of impeller speed,properties
and proportions of the liquids, on pov.?er consumption for both our R.D.C. .
and O.B.C.
The quantity of mechanical energy required to extend turbulence 
throughout a liquid mass depends upon the vessel geometry, agitator 
geometry and the liquids physical properties. It can be assumed that the 
power input to the agitator depends only on the variables, rotational 
speed of agitator N, diameter of agitator D, density and visocityM 
of the liquid and gravitational accelerations,
Using the technique of dimensional analysis and the Buckingham 
Pi theorem the power requirement of an agitated system can be defined 
in terms of the variables as followsi
P - £(N,B, e ,JUL , 9 ) 3.55.
Let P « C Ha Db ZC M  d 3 e 5.56 .
where C is a constant. The dimensions of each term may be expressed in 
terms of mass M, length L and time T units.
Equate the exponents of mass, length and time, respectively, to
give
- 49 -
m 2 = /if /"if /m_\° /gf /jL\e 
t3 It j {*) \j3j \IffJ (j2j
Therefore. Ms 1 « c + d
L: 2 « b - 3c ~ d + e
Ts -3 « -ft - d.- 2e.
Therefore c « 1 - d
b « 5 - 2d - e
a = 3 - d - 2e
Expressing the power P in terms of the exponents derived above gives
P « C “ d “ 2e) - 2d - e) Q (l - d)^d §e 3%57.
P - C H5 D5 f Mr \ d / S i e 3.56.
HDy ( n2®/
Rearrange the terms to give
P - c ( C m 2) ”d /sfsfe 3.',9.
C V d3 ( . M /  V 9 y
Let m ** -d and n * -e and rewriting equation (3,64) to give
p » c (A ) n
v.m / ( 9 ;
3.60.
vc (v)^ ) 3-61-
where N^, Nge and are the dimensionless Power, Reynolds and Froude 
numbers.
In the design of liquid mixing systems, the following dimensionless 
groups are of importance.
Power number, P/f I?
2 .
Reynolds number, q ND /ju which represents the ratio of applied to viscous
2
drag fo r c e s , Froude number, N D/g which rep resen ts the r a t io  o f app lied
to  g ra v ita tio n a l fo r c e s . Weber number, f  B^/cr which rep resen ts the
r a t io  o f  app lied  to  surface ten sio n  forces* When shape fa c to r s  are taken
72in to  con sid era tion , Rushton, C ostich and Everett* Used dim ensional a n a ly s is  
(ex ten sion  o f  equation 6*61 to  derive the equation
N • 01 
P W (?)" (§■)' 001
3*62,
The la s t  n ine terms o f  equation 3.62 are shape fa c to r s  which d efin e  a  
p a rticu la r  geom etrical configuration* I f  th ese  fa c to r s  remain fix ed  
equation 3*62 s im p lies  to  equation 3<60 •
Vortexing i s  elim inated, by adding b a f f le s  to  the v e sse l*  With the . 
g r a v ita tio n a l fo rces  n e g lig ib le  the exponent n on th e Froude number i s  
zero , * 1 . The flow  dynamics are then co n tro lled  by the v isco u s  
fo r c es  in  the l iq u id , and equation 3*60 becomes
h -  c. « D r  ,p ( ReJ 3,63.
In turbulent flow  a t high Reynolds numbers the l in e  i s  s tr a ig h t
v/ith a slope o f zero , fo r  p lo ts  o f  N aga in st to  the zero power
i s  1 , hence N « C, or equation (3*63) reduces to
J r
P - |  C II5 J? 3 .6 4 .
That i s  a t  (high Re and no vortex) the power necessary to  drive the im p eller  
i s  proportional to  the f lu id  d en sity , to  th e cube o f the speed o f ro ta tio n  
and to  the f i f t h  power o f the diam eter,
*%
For v isco u s flow  co n d itio n s , Re (He < 10) alone d efin es  dynamic
s im ila r ity , and the slop e o f the N. ys 1L, l in e  i s  - 1, equation 3*63
P Rc
lead s to
When separate ph ysica l phases are present in  a liq u id  mixing system , the
Weber number N i s  a lso  o f  importance and the s im ila r ity  equation 3 .6 l  
becomes
V  ( * R * ’ . 5. 65.
Two -  phase data can be corre la ted  w ith s in g le * -  phase s tu d ies  by u sin g
average or mean v i s c o s i t i e s  and d e n s it ie s  fo r  the mixtures*
73M iller  and Mann‘S recommended the use o f a weighted geom etric 
mean v is c o s i ty
Ra = JGtxx . liy* 3. 67.
where x and y  r e fe r  to  the volume fr a c tio n s  o f  the two phase mixture*
Vermeulen^ e t  a l  recommended
Jim
JX
1 -  x. 1 +
h i
JOL + if, j
3*68.
xd B volume fr a c tio n  of d ispersed  phase.
L aity and Ireybal*^ used a m odified Vermeulens v is c o s i t y  to  f i t  
th e ir  data.
For water more than 4 by volume.
AL
A,w
X 1 +w L , "V 
For water le s s  than 40^  by volume
,  n X U o.O o 0
11, + Uo J
3*69 •
, c X u 
n 1*5 w w
A + A 'w  o ■
,74
3.70
For d en sity , L aity and Treybal recommended a weighted arithm etic  mean.
11 " X (x + YCy 5.71.
The em pirical equations 3*6?~3.*7l may be s a t is fa c to r y  fo r  the p h ysica l 
systems to  which they were derived , but there i s  no th e o r e tic a l b a s is  to  
evaluate th e ir  r e l i a b i l i t y  fo r  general useage.
CHAPTER 4
COLUMNS AND ANCILLARY EQUIPMENT
Two experimental contactors have been examined in the present
work. They are,
OSCILLATING BAFFLE CONTACTOR (O.B.C.) and
ROTATING DISC CONTACTOR (R.D.C.).
4*1.A, Description of the experimental O.B.C.
As a result of the previous work on the oscillating baffle
contactor (B.P. 1217832/66) by Thomas^*Thomas'^ and Chui, further
52work reported by Thomas and Weng, certain definite indications made 
themselves evident for probable improvement of the O.B.C. The present 
experimental contactor follows logically from the discussions.
The contactor consists of eight 5” high, 3” inside diameter, 
vertical glass cylinder sections, with 7/8" high, 3” inside diameter 
stainless steel spacer between the sections. Each spacer is fitted with 
i” diameter sampling stainless steel tap. Stainless steel headers with 
branched piping for liquid inlets and outlets are provided at the top and 
bottom of the column.
A sketch of one section of the column containing stator rings is
given in fig. 5. The stator ring size and column dimensions are given in
table 1. A photograph of the entire column assemble is shown in fig. 7» 
The flow diagram of the column and ancillary equipment is shown in fig. 6. 
The inlet positions are reversed when M.I.B.K. is the organic phase.
Inside the column, there is a central shaft shown in fig.8G, on 
which eight paired baffles are mounted in series. Each pair of baffles 
has four perforated blades and is centred between two stator rings. The 
rings are sandwiched between the glass cylinder sections and spacers to 
form one compartment. Fig. 8 shows photographs of the different types of 
perforated baffles C.D.E.F. spacer A, and stator ring B used in this work. 
Studies were confined to sets of C,D,E and F respectively.
The driving unit is a three phase, 250 volts, 4" II.P. motor 
coupled to a Kopp speed variator followed by 10;1 reduction gear box.
The output speed is set by the precalibrated Kopp’s variator. To the
output of the reduction gear box is connected a disc on which a rod is 
connected to a bell crank mounted on the top of the extended shaft of the 
baffle assembly. The movement of the connecting rod activated by the 
rotating disc induces oscillating movement to the bell - crank. The 
amplitude of oscillating movement was adjusted by varying the length of the 
conncecting rod. A photograph of the driving mechanism and transducer is 
shown in fig. 9«
The Rotating Disc Contactor
To make a comparison with the measured extraction efficiency of the 
O.B.C., the same column shell was used. The baffle contactor shaft and 
baffle arrangement is replaced by a new shaft of the same diameter carrying 
discs as for R.D.C. Also inserted is a framework carrying stator rings.
The internal assembly consists therefore of discs mounted on a 
•J-” stainless steel central shaft, and stator rings fixed and equally 
spaced inside the column.
The rotor discs are sandwiched between pairs of sleeves, 15/l6" 
high, 5/8" outside diameter, and adjusted so that each disc lies at the 
centre of each compartment formed by two stator rings. The disc are' held 
in place by end sleeves on the central shaft with screws in them. The 
stator rings are equally spaced and are fixed to three thin stainless 
steel rods evenly placed around the inner circumference of the column.
This unit can slide in and out of the column easily and it is held in 
place by the end of the rods fitting into three holes drilled into a plate 
inside the bottom header. The construction details of the disc and ring 
assembly are listed in table 2.
The driving mechanism and the gear box arrangement are similar to 
that described for the O.B.C. Here, for the rotating movement, the output 
end of the reduction gear box is directly connected to the top of the 
extended rotating disc shaft.
4*2* THE PILOT PLANT ACCESSORIES 
4*2.1. Interfacial Level Control
The interfacial level of the separating sections at the headers are 
controlled by careful adjustment of the outlet valves, the levels being 
observed through the sight glasses.
4*2.2, Manometer
Droplet hold-up measurements are determined by the manometer 
arrangement as shown in flow diagram fig. 6.
4*2.3* P ining System
Polythene hose with 3/8" inside diameter is used as the piping 
connection for eveiy part of the flow system of the experimental column.
This was replaced with outside diameter copper piping for later works 
with CCL^ and used for all the experiments performed with M.I.B.K.
(M.I.B.K. reacts with polythene with eventual collapse of the tubings). 
4*2.4* Storage tanks.
Two stainless steel tank were used for storing the organic phase.
One was used to prepare the organic phase feed and the other for keeping 
extracted dispersed phase after passing through the column.
4.3* ANCILLARY EQUIPMENT FOR IMPULSE DYE INJECTION TESTS 
4*3 .1 . Tracer dye in je c t io n
To determine the longitudinal dispersion coefficient in both liqm.ds 
phases, ports were provided on the top and bottom headers. The ports were 
covered with replaceable rubber caps, through which a syringe needle could 
easily be inserted and dye injected.
The outlet lines for both liquid phases are connected separately to 
the sampling cells of an absorptiometer. Dyed liquid from test made on the 
continuous water phase, after passage through sampling cells is led to the 
drain? while dispersed organic phase dye contaminated coloured liquids were 
led from the separators into storage vessels. These liquids were later 
treated with activated charcoal to extract the dyes.
4.3*2. Absorptiomete'r and Potentiometric Recorder
An automatic absorptiometer as supplied by Hilger and Watts Ltd., 
London, consisted of a pair of absorption cells a simple optical system 
and a stabilised power supply for the lamp.
By use of a reference cell and a cell through which the dyed 
liquid passes continuously, a potential difference is set up, the intensity 
of this difference is proportional to the concentration of the coloured 
liquid. This potential difference is then transferred to a Honeywell and 
Brown potentiometric recorder.
4.3.3. Hypodermic Syringe
To give a very sharp pulse input fuction, a hypodermic syringe
is used to inject tracer solution into the main stream of the individual
phases through one of the appropriate insertion points, mentioned previously. 
4.3*4. Tracers Used
To measure the residence time distribution thence compute the
longitudinal dispersion coefficients of both phases, the tracer must be a 
"true" tracer and the system must be operating at steady state. Coloured 
solid particles or isotopes of the same material whose flow is under 
investigation, can in most cases be considered as a true tracer. In the 
present study, a water solution of solvay Blue RHS (5 gm/Litre) and a 
CCL^ solution of waxoline Bed OS (5 gm/Litre), both supplied by I.C.I. 
are used as the tracers for the water and CCL^ phases respectively. Each 
tracer is soluble in one particular phase only.
4.4. DESCRIPTION OF EQUIPMENT USED IB MEASURING POWER
A British Hovercraft Corporation Ltd., Torque Transducer type 2 
MK4 was used for the accurate measurement of transmitted torque. In 
continuous rotation, the transducer was used in conjunction with the British
Hovercraft Indicator instrument TM 6R. For the Oscillating system the
transducer and a Bausch and Lomb 2.5 nV chart recorder was used.
Torque is transmitted through a high tensile steel torque shaft, 
to which is cemented c network of Saunders-Roe bonded foil torsion strain 
gauges. The strain gauges are protected by a tough resilient resin film, 
and are covered by the rotor tube which carries a set of four silver 
sliprings. The sliprings are connected to the four terminals of the fully 
active strain gauge bridge network, and are fixed to the rotor tube by a 
spin-moulding technique in a dielectric consisting of a thermosetting 
resin with glass fibre. The resulting one-piece rotor construction has 
excellent mechanical and electrical properties and cannot become loose 
or run eccentrically.
The rotating parts support the stator housing of the transducer, 
which is also fabricated as a one piece glass fibre spin moulding, on a 
pair of high-speed light-section bearings. The stator carries a set of 
eight silver-graphite brushes, giving two parallel contact paths per ring, 
the brushes being directly connected to an integral length of four-core 
cable which provides connection to the instrumentation system.
The very small angular deformation of the torque shaft resulting 
from the torsional stress causes a change in electrical resistance of the 
strain gauges, and produces an electrical output voltage from the bridge 
circuit which is directly proportional to the transmitted torque.
The transducer was mouted in the machine by inserting it into the 
drive shaft line using two pairs of ball bearing and a pair of universal 
coupling to accommodate any change of serious misalignment, the weight of 
the stator being entirely supported by the shaft Fig.
The stator was prevented from rotating by the attachment of a 
light cord to the eyebolt provided and securing the other end of the cord 
to a suitable point on the metal frame on which the ball bearings are 
mounted.
T A B L E  1
O.B.C. COLUMN DETAILS
The Columns
column outside diameter 
column inside diameter 
column height (effective) 
length of top header 
length of bottom header 
thickness of spacer 
number of spacers
Glass Sections 
inside diameter 
height of each section 
number of glass sections
Baffles s
height of each pair of baffle
width of each pair of baffle
area of each pair of baffle (blade) sq. in.
number of baffle blades
number of baffle pairs
clearance between baffle edge and inside column wall 
clearance between baffle top or bottom edge and stator ring
TYPES OP PERFORATIONS
34"
3”
48"
74"
74"
7/8”
7
3"
5"
8
5i"
7/8”
5.25
4
8
5/16”
3/8”
3/64"
(a) Mesh (b) -J-” Dia hole (c) i”sq. holes 
No. of holes on each baffle blade 968 28 60
Total area occupied by holes(sq ins) 2*970 °"^ 1 375
$ of each baffle blade occupied
by holes 71.5$ 26.2$ 81$
4 .25
STATOR RING
Outside diameter of stator ring 
Inside diameter of stator ring opening 
Number of stator rings 
Thickness of stator ring 
Distance between stator rings 
Column amplitude
T A B L E  2 
R.D.C. COLUMN DETAILS
Diameter of rotor disc 
Disc thickness
Outside diameter of stator ring
Inside diameter of stator ring 
Height of compartment 
Number of compartments 
Diameter of driving shaft 
Height of column (effective)
- 60 -
4.1.0. NUMBERING OP CONTACTORS STUDIED
Por identification and easy reference in the text, the 
contactors studied in this work have been given the following numbers. 
COLUMN I
4' high, 3" diameter, O.B.C. fitted with Dia. holes baffle
blades,
COLUMN II
4! high, 3" diameter, O.B.C. fitted with Mesh baffle blades.
COLUMN III.
4* high, 3" diameter, O.B.C. fitted with i" sq, holes baffle
blades.
COLUMN IV
2’ 6" high, 3" diameter, O.B.C. fitted with -g-" dia holes
baffle blades. Each sectional baffle blade being 4" high and ll/l6"
52
wide, Thomas*^  et al.
COLUMN V
2’ 6” high, 3" diameter O.B.C. fitted with i" dia holes 
baffle blades. Each sectional baffle blade being 54" high and 7/8" 
wide.
COLUMN VI
4’ high, 3" diameter R.D.C. with fitting as shown in
table 2.
COLUMN VII
2’ 6" high, 3" diameter R.D.C, with fitting as shown in 
table 2m *. Thom&s^
3CT 
ES
S:
Oscillating baffle
O  0
5" glass section 
(cylinder)
7/8" S.S. spacer
Stator ring
Shaft
PIG. 5. Sketch of one compactment of O.B.C.
Prom Water Mains
II
To drain
PIG. 6. Pilot Plant Flow diagram
1* Main column 2. SI~S9 Sampling cocks 3* Upper header 4* Lower header
» 5. Water storage tank 6. Organic phase feed tank 7* Mixer 8• Water rotameter 
9. Organic liquid rotameter 10. Organic liquid pump 11. Drive unit 
12. Upper separator 1J. Lower separator 14* Raffinate storage tank 15* Lower 
sight glass 16. Upper sight glass 17. Manometer 18. Organic phase constant 
head tank.
Fig. 7 The O scilla ting  Baffle C ontactor Layout
1. Main column 2. Sampling cock 3. Upper header 4. Lower 
header 5. Water storage tank 6. Organic phase feed tank 7. Mixer 
8. Water rotameter 9. Organic liquid rotameter 10. Organic liquid 
pump 11. Drive unit 12. Upper separator 13. Lower separator 
14. Raffinate storage tank 15. Lower sight glass 16. Upper sight 
glass 17. Manometer 18. Potentiometric recorder 19 and 20.
Power recorders 21. Transducer
Fig. 8 Photograph of column parts
A. Spacer with sampling tap and central bush. B. Stator ring.
C. 5/L6” holed baffle. D. Mesh baffle. E. V4" holed baffle.
F. V4” sq. baffle. G. Central shaft with mesh baffles. H. Central 
shaft with rotating discs and stator rings.
Fig. 9 Transducer and mounting and drive mechanism for 
the O.B.C.
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CHAPTER 5
EQUILIBRIUM DISTRIBUTION OP ACETIC ACID BETWEEN
(a) WATER AND CARBON TETRACHLORIDE
(b) WATER AND METHYL-ISO-BUTYL-IQSrONE
5.1. .. EXPERIMENTAL PROCEDURE
Equal volumes of water and carbon tetrachloride were measured 
into large conioal flasks. Various amounts of the solute (glacial acetic 
acid) over an adequate range was added to contents of the flasks. The 
flasks and contents were agitated for 4 hours in a thermostatically 
controlled (20°C) shake bath, and left over night at the same temperature. 
Samples of each layer were then analysed with 0,1 normal potassium 
hydroxide solution for acetic acid using phenolphthalein as an indicator. 
Result of this experiment for the system water-acetic acid-
carbon tetrachloride are shown in table 3 together with published data of
50-52 45Thomas and co-workers and Lewis •
The same process was employed to determine the equilibrium
distribution of acetic acid between water and Methyl-Iso-Butyl-Ketone,
But the ketone phase solutions were analysed in alcoholic solution.
Check samples analysed with no alcohol also gave satisfactory agreement.
For the system water-acetic acid-M.I.B.K. published data of 
47Vermij and Kramers are shown in table 4 along with data obtained in 
this laboratory for the same temperature,
5.2, DISTRIBUTION IN LIQUID-LIQUID SYSTEMS
5.2,1. The Distribution Law
In mass transfer operations, it is necessary to obtain the
equilibrium solute content in both continuous and dispersed (y* and x*)
phases for calculation of driving force.
If to a system of two liquid layers, made up of two immiscible
or slightly miscible components, is added a quantity of a third substance
soluble in both layers, then, the substance is found to distribute or
143divide itself between the two layers in a definite manner. Suppose 
Cl and CII are the concentrations in the layers I and II respectively, 
then at constant temperature.
Cl/CII = Constant (A) 5-1*
independent of the total amount of dissolved substance presents the 
latter distributes itself between the two layers in a constant ratio*
This conclusion constitutes the distribution law or partition law, and 
the constant A is referred to as the distribution, or partition, 
coefficient.
Application of the phase iule^^ to the system of three 
components shows that since there are only two phases, the vapour not
being in equilibrium, the system has three degrees of freedom; one of these
must be the pressure of the atmosphere, and so at a definite temperature, 
which fixes another, the only one variable determines the composition of 
the whole system. If the concentration of the solute in one layer is 
known, therefore, that in the other must be fixed, and this is in 
agreement with the distribution law. The law can, however, be deduced 
simply and more explicitely by means of the rule that the chemical 
potential of any substance must be the same in two phases in equilibrium.
In layer I the chemical potential of the solute may be written.
p r « P® + ET U a T 5.2I y' I 1
and in layer II it is
? /°II "7°II + RT Ln aII
where chemical potentials, a^ and a ^  are the activities in the
two layers. At equilibrium the two values of the potential are equal,
and since ^ Pj /Ti are constants, at definite temperature and
pressure, it follows that
a /
II = Constant.
This is the exact expression of the distribution law, but for practical 
purposes it is put into an approximate form. Further, if the solutions 
are dilute the ratio of the mole fractions is almost the same as that
of the concentrations, either in moles per litre of solution or in moles
per 1000 g of solventj so that at a definite temperature
Cl/cn - Constant (k) 5*4*
This derivation of the distribution law shows that in its original form
(equation 5.1) it is only an approximation, based on the assumptions of
dilute solutions and ideal behaviour; another assumption involved is that
the solute does not affect the miscibility of the two layers.
In spite of the theoretical limitations many substances have
been found to obey the distribution law in a reasonably satisfactory
manner, provided the solute has the same molecular weight in both solvents.
5*2.2. Association and Dissociation of Solute
The emphasis on the necessity for the solute to have the same
145molecular weight in both layers is due to W. Nernst ; he suggested that 
if in one or both liquids the, solute consists tq some extent of molecules 
of different weight or composition, then the distribution law is 
applicable only to the molecular species common to both phases.
Consider, for example, the distribution of benzoic acid between 
water and benzene; in the former liquid the acid is, ionized and consists 
of Hf. C00H molecules and Cg C00~ and H+ ions, while in benzene it is 
associated and is in the form of Cg C00H and (O^ COOH)^ molecules. 
According to Nemst, the distribution law applies only to: each individual 
species; if these are taken as C^- H,_ C00H, then the concentration terms 
do not refer to the total concentration, but to these particular, 
molecules. In general, ifcKrepresents the fraction of the total amount 
of solute which is dissociated or associated, assuming that either one. 
or the other occurs in each solvent, then
1 - oCl) Cl *s Constant 5*5*
1 - o<Il) CII
since _  cxC )gives the fraction of -unchanged molecules in each case*
This equation cannot oe expected to hold very exactly, sine, solutions in
146
which dissociation or association occurs depart from ideal behaviour.
Suppose a given solute A has a normal molecular weight in a 
solvent I but in the other solvent II it associates to give the complex 
molecule (An); in the latter solvent an equilibrium will be set up 
between simple and associated molecules; thus
n.A rr=^ A 5*6*^  n
If CII is the total concentration of A ando< represents the fraction of
CL
the total which has undergone association, then (l -c< ) CII is thea
concentration of simple molecules and CII/ is that of complexa n
1A c
molecules. Application of the law of equilibrium leads to the 
equation
Ka " < X a CII/n &  ~ ^  5*7*
(1 -CXa) CII - b ’cCa C I I / ^  5<8#
where k may be called the association constant. Assuming the distribution a
law to apply to the simple molecules only, it follows that
Cl Cl _  (- Q
11 0 1 1 ' ’
where Cl is the concentration in the solvent I and K is the distribution
constant. If the molecules in solvent II are almost completely in the
associated form, 0 / will approximate to unity and equation 5*9 will^ a
become PT
— — - = Constant 5*10*
^CII
since n, ka and k are all constant. By means of this relationship it is
possible to determine approximately values of n in some cases.
59Chu et al indicated that Benzoic acid was present as double
molecule in a solution of benzene. The distribution rati., of benzoic 
acid between water and benzene is therefore not constant at constant 
temperature.
57However, Knight suggested the following relation exists
^ / T ^ /Y*w = K 5.11.
where X*^ moles/ft^ in benzene phase
Y* ” " " water "w
where K is a constant and a function of temperature only.
A plot of Y*^ against x/X*^ according to the above relation, 
must be a straight line passing through the origin.
AQ
Chaikhorskii indicated that acetic acid molecules are biased 
to the dimer rather than the monomer in the carbontetrachloride phase.
While the monomer dissolves more readily in water than carbon tetrachloride 
phase, hence the proportion of the monomer to dimer affects the distribution 
of the acetic acid between the two phases, especially at very low 
concentration levels (0*1 gm/Litre). Sekine^ et al also explained their 
distribution data in terms of the partition of the acid monomer molecules
and the dimerization of the monomer molecules in the organic phase.
55 inPatai stated that, acetic acid,, there are conjugated species
formed and there exists the carboxylic acid monomer-dimer equilibrium
inert or nearly inert organic solvents of low dielectric.
The shape and location of the two-phase liquid-liquid equilibrium
line can be strongly affected by temperature. Unfortunately it is
impossible to predict the extent and even the direction of the change from
data at only one temperature.
5,3. TREATMENT OF EXPERIMENTAL BATA
The data fi.m table 3 were plotted on graph as shovm in fig. 11 
and this was found to be a curve. Using least square technique a 
computer programme appendix II was written to obtain the equation of the 
equilibrium line for the system water-acetic acid-CCL^.
A simple equation describing the curve of the form
y* » ax11 5*12.
was obtained, and found to be.
y* = 53.57 x0 ' 6 5 .1 3 .
Using least square polynomial fit, the following equations were also 
obtained
y* = 13*3 + 44*9x - 4*92x2 + 0.377x5 - 0.0149x4 + 0.000278x5
- 0.00000185x6 5*14*
x* « 0.0398 - 3*78 10~5y + 4*88 x 10~4y2 - 2.67 x 10~6y5 + 7*97
x 10~9y4 -4.99 x 10~12y5 - 8.41 x 10"15y6 5*15*
Results calculated by the equations are compared with experimentally
determined values and these are shown in tables 8-10.
Some further equations for the CCL^-water-acetic acid system
effective within specified ranges are shown below and these superceed
42 50 52previously published works of Thomas ’ * et al.
Present experimental results
for 0 < x <  1.9 g/L
y* = - 0.342 + l 65x -  355x2 + 59lx5 -  545x4 + 252X5 -  4 5 .7x6 5 .1 6 .
for 1.9 < x <. 14. g/L
y* = 0.0516 + 72.5x - 23.8x2 + 5*68x5 - 0.732x4 + 0.0475x5
-  0.00122X6 5*17*
for x > 14 g/L
y* -  0.00463 -  105x + 24 .9x2 -  1.91x5 + 0.0695x4 -  0.00122x5
+ 0.00000838x6 5.18.
For the system used in this work, carbon tetrachloride-water-
acetic acid, a graph of y* gm/L against/x* gm/L was plotted using data
from table 13 and found to be a straight line. (Fig.26)
The equilibrium line for the system water-acetic acid -
M.I.B.K. was found to be straight (Fig. 12). Regression technique was
applied to obtain equations of the form
y = mx 5*19*
54This technique has been employed by Hartland for similar types 
of data. A computer programme for this is shown in the appendix II.
For the present work the equation was found to be
y* = 1.859* 5.20.
or x* = 0.538y 5.21.
Vexmij and Kramers data gave
y* = 1.833* 5.22.
or x* = 0.546y 5*23.
The combined data gave
y* = 1.844x 5.24.
CHAPTER 6
EXPERIMENTAL TECHNIQUE
6.1. HOLD UP
.Two,methods have been employed in measuring the fractional 
volume Hold-Up of disperse phase.
(a) Manometric Method.
The manometer tube (u-tube) was half filled with dyed carbon tetrachloride 
as the manometric fluid. Then both arms of the tube were filled with 
water to expel air bubbles from thean. One arm of the tube was connected 
to the top of the column and the other arm was connected to the bottom 
part of the active column. The column was then filled with continuous 
phase and any enclosed air expelled through taps near the connection 
point, then the level of liquid in both arms was found to be the same.
This remained level with continuous phase flow only and with agitation. 
With the dispersed phase introduced, at steady state, the difference in 
level of the arms of the manometer was recorded.
The Hold-up is given by the following relations 
<|) = h man./H 
where h man. = manometer reading ft.
H = Height of Column, ft. (the difference between
the levels connecting both arms of the 
manometer),
(b) Drainage Method.
This consisted of suddenly draining a part of the contents of the 
extractor and determining the fractional organic fluid content, after 
each sample had settled. To this end one of the sampling stop cocks 
near the bottom half of the extractor was replaced with wide-bored tap 
during normal operation of the extractor. About -g- of the total volume 
of the column was drained within a few seconds into a measuring cylinder. 
For each flow condition, duplicate measurements were taken.
In all cases, the hold-up (j> measured by both methods checked 
reasonably.
6.2. IMPULSE DYE-INJECTION RUN. - Residence time measurements
The O.B.C. was operated for at least 30 mins, before the impulse 
dye injection test was performed on the column. 5c.c. of the tracer 
solution was rapidly injected by means of a hypodermic needle through 
injection points provided close to the inlet point on the nearest spacer 
of the phase under investigation. At the commencement of dye injection, 
a microswitch of the input signal was instantaneously pressed to give a 
starting signal to the recorder. The spreading tracer concentration was 
detected by the calibrated Absorptiometer at the outlet of the particular 
phase, and recorded every 10 sec. on the strip chart which provided a 
response of time-concentration curve* A typical recording chart is shown 
in figs. 23A and 23B.
6.3. PHOTOGRAPHIC TECHNIQUES;
Two methods were employed, to obtain still and motion pictures of 
drops in the Oscillating Baffle Contactor.
6,3.1. Still Photography2
A Pentax 35ram Camera of focal length f = 2 and fitted with Kodak 
Panatomix-X films was used. An extension Novoflex below was attached to 
the lens to get the desired magnifications. The shutter of the Camera 
was synchronized with a Strobolight used as a light source. The dispersed 
drops were illuminated indirectly by reflecting the light on a sheet of 
white paper hung behind the column. A black cardboard sheet was mounted 
on the column sides to protect the lens from unwanted direct rays from 
the lighting system or from reflecting surfaces. An exposure time of 
0.001 see. made it possible to produce sharp drop outline under various 
operating conditions.
Before taking pictures of the dispersed drops, a few photographs 
were taken of the perforated holes on the baffle blades, since these holes 
are of known diameter and they can be used as a. reference standard for the 
determination of the real size of drops photographed under column operating
conditions. To avoid photographing drops adhering to the column wall, 
the Camera was pre-foeussed to the tip of the baffle blades between the 
column wall and the baffle to give the best image on the camera film.
This covered a field of approximately lsq. inch at the centre of each 
section of the column. An electronic fla,sh unit faced unto the white 
reflector was used for all takes. The layout is shown in fig. 15A.
6.3.2. Cine Pictures;
A Hycam high speed 16mm cine camera utilising the rotating prism 
principle and Mauiya Macro Sekor 60mm lens, Is2.8 using "C" mount to an 
adaptor was used. The film used in the camera was Ilford "Mark 5n*
Black cardboard was mounted on the column sides to mask stray light 
entering the camera lens. Single Quatz Iodide 300 watts lamps were placed 
20 cm from the subject on either side of the column and at right angles 
to the position of the camera. The camera was placed 30*5 cm from the 
column. Test exposures were made on 35 em Kodak Tri-X. Finally exposure 
shot at 1000 frames per sec., giving an exposure of 1/2000 sec. at F/5.
The layout is shown in fig, 15 B. Typical photographs of dispersed droplets 
in the O.B.C. obtained by both techniques are shown in figs. 16A-D.
6.4. MASS TRANSFER STUDY
Glacial acetic acid was added to the organic liquid (carbon 
tetrachloride or M.I.B.K.) in the feed tank and the stirrer switched on 
for about 30 minutes. The feed mixture was circulated through the 
organic phase lines by a centrifugal pump for a further half hour.
The column was initially filled witb the aqueous phase direct 
from an over head tank through a rotameter and its flow lead through the 
column to the separator, thence to the drain. The flow rate was adjusted 
to the desired value by operating the rotameter needle valve and the 
oscillating baffle was started at a preset speed. The dispersed phase 
was then introduced to the column through the appropriate port in the 
headers and the flow rate gradually increased until the desired value had
wnire screen rerreccor
electronic
flash
Black carboard 
light shield Oscillating Baffle 
Contactor.
Camera
Fig.15A Equipment layout for still shots photography
Background
Quatz Iodide lamps 
500 watts.
Oscillating Baffle 
contactor.
Black cardboard
light, shield.
Cine Camera.
Fig.15B Equipment layout for Cine photography
been reached and maintained with the aid of the needle valves connected 
underneath the dispersed phase inlet rotameter. The interfacial level 
was adjusted with the aid of valves in the outlet flow lines and kept at 
a constant position throughout the experiment.
These operations were maintained for about half an hour to achieve 
steady state conditions before samples were withdrawn over a further half 
hour period. 12 samples were collected from the sampling ports (2 from 
the ends of the column for the dispersed phase, and 10 for the continuous 
phase, 9 of which being taken at 6in interval along the length of the 
column, and 1 at the outlet) and analysed. Run with material balance 
which checked with ~ 5i° were accepted and recorded.
For the sampling technique, initially about 10 cc of fluid from 
the column was rapidly withdrawn from all the sampling stop cocks and 
discarded, to rid them of liquid retained from previous test and to clean 
the sampling valves with the fresh liquid being agitated in the column.
Then specimen were allowed to drip at the rate of about 2 c.c. per minute 
from the sampling stop cocks into beakers, attached with aid of flexible 
plastics handles to the stop cocks outlets.
The acid content in the samples were determined by titration 
using an electronic automatic titration meter, model 24? supplied by 
Electronic Instruments Ltd., Richmond, England.
This same experimental procedure was performed on both the
O.B.C. and the R.D.C,
6.5. MEASUREMENT OF INTERFACIAL TENSION BY TORSION BALANCE
USING PLATINUM RING
The balance was set up as described in appendix ID, using the 
thinner of two extension hooks, from which the platinum ring was 
suspended. A small quantity of the liquids to be examined was put in the 
small glass dish and the dish was placed on the platform below the platinum 
ring. The balance was checked for zero, with platinum ring completely
NEWTON/: 'OOOtWNts/CM
FIG. TORSION BALANCE FOR MEASURING 
INTERFACIAL TENSION USING PLATINUM RING
indorsed in the upper of the two liquids and clear of both the interface 
and the surface. Care was taken to ensure that contact had. not been 
made with interface before the balance was checked for zero. The pla,tform 
and the dish were lowered to the maximum extent by means of the adjusting 
screw (D), situated at the right hand extremity of the platform 
supporting arm and just below the platform.
The position of the dish, platform and supporting arm was adjusted 
by means of the clamping screw (E) situated at the left hand extremity 
of the supporting arm and which clamps it to the balance column, so that 
the interface of the two liquids was about 1 cm above the platinum ring. 
The platinum ring was then completely immersed in the lower liquid. The 
beam clamp was then released and the platform was gradually lowered by 
means of the adjusting screw (D) and at the same time the index pointer 
(B) moved in an anti-clockwise direction so as to maintain the beam 
pointer (c) at zero. After a degree of movement that was dependent upon 
the interfacial tension of the liquids, the platinum ring suddenly parted 
from the interface of the liquid. The value indicated by the index 
pointer (B) at the moment when the platinum ring parts from the liquid 
interface, is the interfacial tension of the liquid and read directly from 
the balance dial in Newtons per metre.
6.6. INSTKOHENT CALIBRATION
(See Appendix i)
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CHAPTER 7
THEORETICAL ANALYSIS OP THE PERFORMANCE OP THE 
OSCILLATING BAPPLE CONTACTOR
7.1. PERFORMANCE CHARACTERISTIC OF LIQJJID-LIQJJID EXTRACTORS
7.1*1. Overall Heigh'; of Transfer Units,
7*1.2. Introduction
Several investigators have developed theoretical and empirical 
relations for predicting liquid-liquid extractor efficiency. Some of the 
correlations are specific to cetain equipment and others are for general 
application.
Two of these relationships will be examined with reference to 
the performance of an oscillating baffle contactor. The equations are 
based on fluid properties, flow conditions, agitation rates and baffle 
blade perforations.
7*1.3. Survey of Correlations to Determine Liquid-Liquid Extractor 
Efficiencies
957.1.3A Watson and Cochran Jr. developed a simple method for estimating 
the effect of axial backmixing on counter-current column performance.
The column efficiency (height of plug flow column/height of 
backmixing column) is given as a simple function of design parameters - 
extraction factor, number of transfer units, height of a plug flow 
transfer unit plus the axial diffusion coefficient or the Peclet number. 
The column efficiency as defined by Sleicher^^, as quoted by
95Watson is given by.
V .foTC^ dp X ^ ^ d p  « H (Piston flow) 7.1.
H (actual")"'"
With such an expression for column efficiency, the required column height
could be predicted from the usual design specifications. The height of a
transfer unit in plug flow can be estimated (at least in principle) from
mass transfer correlations. The number of transfer unit may be evaluated
from the desired solute concentration in the outlet stream. For F ^ 1
where
C (out) - m ^y (in)
x - ^ — ------- -s—   . 7.5.
x (in) - m y  (in) . .
m IT
and P • • x extraction' factor 7*4«
TJ •
y
(HTU)ox * height of plug flow transfer unit, ft*
m * slope of the equilibrium curve, concentration in phase
x/concentration in phase y, diftensionless*
(NTtT) » number of plug flow overall transfer units based upon the 
ox
reference phase, dimensionless.
7.1.3B. Srnoot^ et al in a paper on flooding characteristics and separation 
efficiencies of pulsed sieve-plate extraction columns, gave equations and 
nomographs for calculating flooding velocities and overall heights of 
transfer untis*
The v a r ia b les  thought to  a ffe o t  the r a te  o f mass tra n sfer  o f  the
solute through the dispersed phase films are Vo, Vc, Vd, I), Dp, h, ^d,
»  122 
Ac, Uc, Ud and Dv, where Vo * fa/s» term which is assumed by Li et
al to be proportional to the mean velocity of the dispersed phase bubbles
through the sieve plate perforations*
The relationship among the selected dimensionless groups can be
expressed as; t n
f e n  
h
where A,b,c,d,e,j,g,k are constants* Experimental data of several
77 *investigators were collected by Smoot et al and by transforming
logarithmically and multiple regression techniques obtained the coefficient
and indices with the aid of an IBM 650 digital computer. The recommended
constants were simplified without reducing the accuracy to give;
< ® > 0 -10.4 #-*> *•<» 7.6.
0 0.865 v 0.434 rj 0*454 p  2*34 « 3*27 v 0.636
v o "p v d Md a
The equation illustrates the dependence of HTtf on the major variables.
OC * ' ' 1 - ~r ' 11 • —  - - if— -r. xi-—•’ ii~ ii'.r 1 7*5<
The equation was found to represent the mass transfer data with an 
average deviation of 16.4%.
However attention must he pointed to the fact that although the 
equation 7*6 was based on a wide range of systems in which $  varied 
from 0,288 to 1.2 x 10 ^lb/hr^ and (^46.9 62.4 lb/ft^, there was no
statement showing that a calculation check had been carried out. Taking 
the experimental results of Smoot, Marr and Babb comparing that calculated 
HTU using equo-tion 7,6 and their results it was discovered that in most 
cases there was a large discrepancy. It is probably therefore that one 
of the indices may not be correct. This will be examined further in 
the thesis.
7.2. COjRRBLATIOH DEVELOPED FOR THE PEEFOHMMTCE OF TIIE O.B.C.
A proper approach to mass transfer processes must take account of 
the physical properties of the fluids, density Q , viscosity \x, interfacial 
tension ^  as some of the important parameters which determine contacting 
efficiency. The supperficial velocities of the continuous V and the 
dispersed phases, oscillating amplitude q, oscillating rate N, and the 
fractional free space per baffle blade g , (or = qh/^ assumed propor­
tional to the mean velocity of dispersed phase drops through baffle 
perfortions) are factors which affect the performance of the Oscillating 
Baffle Contactor. The diffusivity D of the solute through the dispersed 
film may also be essential. The linear dimensions of the contactor which 
define the geometrical boundary condition and shape factor for scale up 
purposes, sectional height h, Column diameter D, diameter of perforations 
Dp also affect mass transfer in the agitated contactor.
The efficiency of the O.B.C. may be expressed as a function of 
these variables in the following manners-
(h t o)oo = 0  (vc, q fBfDptyo,(^,(^, A a  7.7.
Demensional analysis has been used to express the behaviour of a physical 
systems in terms of the minimum number of independent variables. By
in sp ec tio n , the dimensions o f some o f the terms in  the above equation  
(7*7) are the same.
Let us consider the general ca se , in  which each type o f v a r ia b le  
i s  represented , then
(HTU)oc -  K (V,D,Dv , p  ,K, X ) 7 .8 ,
Let
(HTtf) * p Vs  Db DvC (?d 7 .9 .oc
where F i s  a con stan t. The dimensions o f  each term may be expressed in  
terms o f  mass M, len g th  L, and time T u n its .
Equate the exponents fo r  mass, len gth  and tim e, r e sp e c t iv e ly , to
g ive e . f
I i a t  r*> ( l £ \  f jL \  [J L \ / V S  7 10I > "  I m  1 !> I  T  )  ( L 3  )  I  w )  ( f 2 l  ’  7 ‘(*J
We have 3 equations and s ix  unknowns which can th erefore be so lved  in  
terms o f any 3 unknown a r b itr a r ily .
Solving in  terms o f c ,  d and f  and express the (hTU) in  termsOO
o f the exponents,
-•'(Wtfwy ■
Rearrange th e  terms to  g ive
‘ f
c” )“  ■
X) 7 .1 2 .
m  ‘
f B 7 .1 3 .
( m u )  =  g  (c w y -  / f i > v \ d ~ c  /" y  y  d  7 . 1 4 .
\ ft / \ R/ I ’tt
i f  (d -  c) = g we have.
For the systems studied, mass transfer occurs from the dispersed phase' 
to the aqueous continuous phase and the major resistance to mass transfer 
is in the dispersed phase.
(The equilibrium line indicates,that for a given quantity of 
solute, the solute is highly soluble in Y phase, (continuous water phase) 
the composition of the Y phase changes but slightly and Y* is almost 
constant. The driving force in the Y phase is large compared with that 
in the X phase, the dispersed organic phase, which therefore imposes the 
major resistance to mass transfer.)
To take the fluid properties into consideration on inspection of 
results obtained from our experiment, other factors which affect the 
oscillating baffle contactor efficiencies are phase flow ratio* viscosities, 
and density difference. 3y induction, introducing these into the above • 
relation and combining them into significant dimensionless groups, we
where F,a,b,c,d,e,f,g,j,k,m,n are constants
The Reynolds number, Schmidt number, end density group are based on the 
dispersed phase properties where the major resistance is assumed to 
exist. •
The fluid systerns investigated in thic work were too fev; (2 systems) 
to enable independent determination of the coefficient and exponents in
equation 7,16, Some of the coefficients and exponents obtained with the •
77aid of several investigators, data by Smoot' ' et al in equation 7,6, were 
introduced into equation 7,16,
7*2.2. Number of transfer Units derived from Hnrphree efficiency 
The Murphree efficiency or fractional 
approach to equilibrium of one stream with the other
stream leaving the contactor, as defined by 
Calderbankf^
~ y*,
,mc
*\md
■v * — y>
X, - X,t b
7*17'
7.18.
x,
This efficiency is most significant and numerically less than 1, where 
one of the streams is perfectly mixed in its flow through the apparatus. 
Number of transfer units
For continuous pha.se is given by liquation 3*40
dy.
y* - y
Equilibrium relationship is given by (Equation 1.6)
£
i.e.
y* * rax
y. * a mxi 
i
7 .19 .
7.20. 
7.21.
Material balance for the operating relationship is given by
%  yt * Cid *b = %  xt + S» yb
i.e. yt Qc - yb Qc - 0^ (xt - x,,) 7-22.
the continuous phase feed is pure waiter,i.e. without solute,*, y^ -- 0
Hence equation 7*22 becomes
yt %  - Qd (xt " V
Ya 7.23.
Q, R R
Hence the general relationship between concentrations in the phases at
"til.any section of the column will be, for the i section,
yi - 1 7.24.H R
x,which depend on the value of Jb set by the’ operating conditions, and at
R
equilibrium ‘
x^/R » Constant « K 7*25.
or x^ = C = Constant
Form equation 7*24<
R.dy « + dx
From equation 7.19*
7.26,
7.2?.
(n td )  » f  -  A  tt i
u;c J y* - y R Jy* -
1
R
dx
x ,, mx -. j  + IC
7.28
(mot). dxd mR - 1 \ x _ KR
I dxx - B In (x - B)
•** = T S T T Y J
net
xb
dx
x - RK(l - mR)
7.50.
1 In (xt -fc
(mR - 1) Jj
7 r ln(mR - 1)
- In f xb - xb
xt + \  ~ -xti
L mR ^  J
7.31.
Introducing efficiency into equation 7*51. 
From equation 7.18.
*b - *t - *7rad <xt ‘ xt*} 
and from equation 7.20
xt* *s jjfc 
in
• • xb - xt
hence equation 7*51 becomes
In
(MOT)
Similarly
mR -  1
("* xt - Imd (xt -
V • . m
^  ( x t  " 1  md(xt  *
(mm). dx 
x -  x*
+ R to
Ry + C -  *
(HOT)o = mR(mill)' mC
y - T r - ' s y
mR
(mR -  1)
Jin (yt ’ IB3Cb 
(1 -  mR)
mR In f hoc. +  ( m i l  -  1) y , 
(mR - l'V — 2-------------- -
L ■ ircco
Introducing e f f ic ie n c y  in to  equation 7.34* 
Prom equation 7 .17- yt  ‘ ^  jrt * =
.*♦ equation 7*34 becomes.
(MOT) mR mR - 1
In  ^ 1 + (mR -
where m « slope o f the equilibrium  curve, concentration in  the y 
concentration in  the x -  phase, dim ensionless  
0,’s = volum etric flow  ra tes
x ,y  * so lu te  concentrations in  the d ispersed  and continuous 
phases r e sp e c tiv e ly , in  g/L or g mole/L e tc .
7.32.
7 .5 5 .
7 .3 4 .
7 .3 4 .
7 .3 5 .
phase/
7.2.3. FIKHIHG SECTIONAL VALUES OF COLUMN P 1 M M C E
t
>•
r«i
r«
X
x-*
y-*.
Pig.19 Sectional values of Transfer units
Two rules may be applied.
The trapezoid (or trapezium) rule or rnid-ordinate rule.
The two rules are equivalent to using a linear approximating 
polynomial since straight lines are used to replace the sections of the 
curve.
THE TRAPEZOID RULE
Consider any one of the sections such as LPQK where LP ■* f (Xr) * Yr 
and KQ » f(Xr+*} * Yr+i .
The first approximation to the area of this section is obtained by 
assuming that the short arc PQ is very nearly straight, i.e. that the 
section is a trapezium whose parallel sides are of lengths Yr and Yr-H . 
at a distance h apart.
Hence the area LPQX rfb (Vr + Yr+t) 7.36.
This method is applied to every section and adding the result gives
T O  _ , . « MTO- + TO„ + TO, + ------- + T O 0 7.37*Total 1 c  3 o
- . 9 2 . -
For the eight sections in the column. Because the areas are approxima-
tions a correction coefficient is introduced.
MT.U. = C x (NTU1 + im2 + ------   + NTtJg.) 7*58.
has been calculated accurately by 'Sdmpson,s rule, TJsing the
value so derived, C is computed, and hence the sectional values.
In the trapezoid rule each arc is replaced by its chord, while
in the mid-ordinate rule a line through the top of the mid-ordinate and
parallel to the chord is used. In either case the correct area lies
somewhere between the values given by the two rules.
Beplacing h, y and y T , MU- (Section l) is given bys-r r-rj. j.
For continuous phase
■Area LPQK = J (y0 - y_) x — L—  +
- v - (i2 1 lye2 ~ y2 yel “ yl
(HOT)® = (Je2 + yel ~ y2 ~ yl) (y2 ~ yl)
2 (ye2 " y2) (yel - yl)
7.39.
© M U  x Uka\ = cl c 7.40.c l  — ---------
where H = height of section = 0.5'
••• (ka)ol = Uo (ye2 + yel ~ y2 ~ yj)(^2 ~ yl) 
(ye2 “ y2) (yel ~ yl)
7.41.
(HTO) = 7 H _  . ... yl\_____  7.42.
cl Tmii)" (ye2 + yel - y2 - y ^  - yx)
For the general i section between sampling points i and(i + l) we have 
the number of transfer unit given by,
yi y(i + l)"yi 7.43.(MU) . =
2 ye(i + 1) -* y(i + 1) yei yj
similarly for the dispersed phase.
/L. +X. - X /. , T \ - X .|U/. ,n - x .^
( m )  B 11_ A —  -.e(jL± JU   ei'A Ja± JJ U  7 a a
V ;di 2 7x7.l r x 7. T\\ 7x. - x 7Y /#44,(l + 1) e(i + 1)J ^ i ei 1
7,3.1. Concentration Profiles
An idealised diagram of the concentration distribution to be
expected in a column is shown in fig. 20. The position and shape of the
curve depends upon whether a piston flow model or a model with
longitudinal dispersion is being considered. In the idealised diagram,
curve (i) represents the distribution of y in the absence of longitudinal
dispersion in the continuous phase. Curve (ii) is the real distribution
of y taking into account longitudinal dispersion.
The method adopted in the previous calculations described by 
50 51Thomas ’ which gives M U  app.m depends upon material balance equation
such ass x = Ejr + x 7*45n Jn r
to calculate x from real values of y with a known x • In this sensen n r
attj apparent measured value is obtained. The measure^value of NTU would 
require a knowledge of y and x obtained experimentally quite 
independently. Curve (iii) gives values of x corresponding to y
calculated from the y value and a material balance equation. If R and
x are constant then curve (iii) will be parallel to curve (ii). Curve 
(iv) is the x-profile based on a piston flow model and the values of y 
in curve (i).
If by the theoretical method described the differential equations 
and values of E and E.. are used to find true x values corresponding toO Cl
the experimental y values of curve (ii), then such a curve may be
represented by (v). This curve need not follow the shape of (iii) or
(iv) and the fact that it will cross (iii) is of no special significance.
Its co-ordinates will be such that it lies between curves (i) and (iv).
7.3«2. True Number of Transfer Units
If we assume that the axial mixing in either phase has a constant
longitudinal dispersion coefficient Ei and the extraction process can be
99represented by a diffusion model , refering to fig. 21 we have?
Z= h/h' =0 Z =H
Fig. 2 0  . I d e a l i s e d  d i a g r a m  of  C o n c e n t r a t i o n  d i s t r i b u t i o n  
a l o n g  the  Co lumn  he igh t .
Uixtdx)
“Ed d(xidx)dh
-J
AU-
Ud XF
_ L
Ucye
Ka d(x-^)dh
“ T
UcJXr UCYS
 h = H
Ur( Y * dr)
•"Ecd(Y+dY)dh
dh
- Ec{d Y/^j h)
jy*-L
 h = 0
_ »Sy Y9
- i s 8 y 8
— , s 7 Y7
- ^ s 6 y 6
^ 5 Y5
~ * S4 Y4
~ 1 S3 Y3
- 4 S 2 Y2
— FSi Y1
Fig. 21» One d i m e n s i o n  di ffus ional  m o d e l .
Establishment of x-profile
The differential equations corresponding to the situation described by 
Pig* 21 for the active length of column are. as follows:
w ^  dy: - _ r * x ' 7*46'*E — - + tit r*bt Ka (y - y ). ® 0c ,,2 c ah'. ,c w   ^'>
dh
Ed ^ f  - * d f  + ^ d  (*■-**)-» 7-47
dh>
Under steady state conditions the mass transfer terms in Equations 7*46 and 
7*47 are equal, so that addition of the equations gives:
E + E,. + U %  - U. -|S.-0 7-48
0 dh2 11 an? 0 311 a **
Equation 7*48 defines the operating conditions prevailing, and relates y and
69x: for constant values of E^, E^, Uq and U^. Using the Taylor expansions, 
where h is a small interval of h, Equation 7*48 can be re-expressed:
a^)n “ 2. A h * (yn+l “ yn-i  ^ 7-49.
fi)n = 2 ^ : - ( xn+ l xn - l  > 7 .5 0 .
’ 7-51-
( S L  ■ > ?-52-
Introducing parameters b and f where:
,2
h - S-f + U (dy/dh) 7*53.
0 dh^ 0
2
f = E. •2~  + u (ax/dh) 7.54.
dh!
and where the constants A,B,G,D,E,P, (are. given by
A = T ^ -oV “ 8o/2(Ah) t 
^ h .  ;
B; - 2 Eo/(A h)2 
C = Ec/CAh)2 + Uo/2(Ah) :
D =Ud/2(Ah) - Ed/(Ah)2 s
E s  2 Ed/(Ah) 2
F = \/2(Ah) + Ed/ (Ah)2
Then it can be shown that;
*n - ^(n-l)- + ^(n+l) 7.55.
fh, “ ^ ( n + 1) + " fe(n - l) 7-56,
From Equations 7*48, 7*53 a*id 7«54 it follows that
bn “ fn 7.57.
The experimental column used in the present work contains 8 equal sections 
between h = 0 to H. Designating each section in the column as h, and 
commencing from (x^ , y^) at h « 0, values of n = 2,3*4*5j6»7»8 can be 
assigned to Equation 7*56* In this way seven equations with seven 
unknowns can be obtained;
Fx^ - Ex2 - Dx^ = - b2 7.58.
Fx0 - Ex., - Dx, = - b-, 
2 3 4 3
7.59.
rQ1uin
£ta1tn
a
7.60.
Fx. - Ejcc - Dk> = - bc 
4 5 6 5
7.61.
Fxc - Exr - Bx„ « - b/- 5 6 7 6
7.62.
**6 - * 7  " te8 ' - *7 7.61.
IXy - Ex8 - Dxj = - h8 7.64.
The values of b are given by Equation 7*55 ii the y profiles and the 
constants A, B* and C are known.
Referring to Fig 21, X^, X^, Yg, Y^, Y^, and y9 are obtained by direct 
sampling and analysis of the solutions, A material balance at each end of
the column gives x^ and x^. Equations 7*58 and 7.64; are re-arranged to give
- Ex2 - Dx^ '« ( - b2 - Fx1) 7,65*
Fx^ - EXq « (- bQ + Dx;^ ) 7*66,
As the constants A,B,C,D,E,F,are known, the following matrix can be %y 
written and using an ICL 1905F computer x2 to Xg can be calculated.
E - D 0 0 0 0 0 x2
F -  E - D 0 0 0 0
*3
0 F - E - D 0 0 0 x4
0 0 F - E -  I) 0 0
*5
0 0 0 F - E - D 0 x6
0 6 0 0 F -  E - 13
x7
0 0 6 0 0 F -  E *8
X2
s= - A2
A X-, =2
j £ i
A *4
- &&. 
A x5
<
|<ii
( *b2 - Px^ ]
-  b i
- b„
- h
" b7
A6 A7
x6• -  ~  *7 = A
A 8
8 A
This establishes the concentration. profile of x along the column under 
steady state conditions from a knowledge of y-profilef Ec, Ed and the 
terminal conditions using the differential Equations 7*46 and 7*47* 
Parameters X and Y
Referring to Fig, 20, if a material balance is taken between 
(h + dh) and H, then:
E’ ) +TJ (y + *o *
dh. TJ dh
+ (Ert ^  dh. + Ed dfx_ dh + dy - IF,, dx ) = 0 7.67,
dh'. cth'
* « v*
Miltiplying Equation 7*48 by clh, it can. be se e n , that tho last term ini 
Equation 7*6? zero, so that the equation can be rewritten as:
TJ.
TJ, dh' d
If the parameters X and Y are defined as:
U dh c
7.68.
x
y +
d. (— )W
( * )
dh
7*69
7*70.
Then Equation (23) becomes:
Ud *1? ~ Uc “ "d X “ "c Y 7.73
This equation is another expression of the operating conditions in 
terms of the parameters X and Y.
~ yo -
Calculation of the taie values of NTO and Ka
Boundary conditions can be established to define the operating system, 
and the symbols refer particularly to the immediate experimental problem
which is summarised in Fig. 21. The reader is recommended to the work of
70 71Danckwerts' and Pearson' on boundary conditions.
TJ
hi « 0 dx/dh = 0; -  dy/dh * —  (y  -  y^)
TJ c
sh  = Hf -  dx/dh « vr~ (xQ -  x ) ;  dy/dh: « 0
d 7
Only the a c tiv e  column i s  considered fo r  the determ ination o f the UTU 
v a lu es .
R eferring to  Equations 7 *69 and 7*7° the above boundary con d ition s  
can be expressed as:
h. a  0 X = X  ^ X *= y^
hi a  HT X a  x9 X a  y^
For convenience in  subsequent computation i t  i s  p referab le to  use
d im enstion less height, Z = h/ffi (whence Hdz a dh). Equations 7 *69 and
7.70 oan now be re-exp ressed  as:
E,
X a x  -  = = - dx/dz 7*72.nu,
E d
Y a  y  + — • dy/dz 7*73*
c
Rearrangement o f Equations 7*72 and 7*75 and in teg ra tio n  over the a c tiv e  
column height now g iv es  the P ec le t numbers:
(* (x-x) a * - J f - £ 9  a* 7.74.
a n ( x  ~  x),dz 7*75*
0
l (X -  y)dz a “  I 7 dy 7*760 ci- W ~
" J yi
^  - ^ c  - " yl}
1 (X -  y)dz 7.77*
0
Ec
Differentiating Equation 7*72 to obtain dx/dh and substituting in Equation 
7*47 gives -
«  =  - 3  <jr  -  7 * 7 8 *
Oh U '-c x o
and in: dimensionless terns:
_v Ka, v
.c . ^  (x _ x )dz 7*79.
d
Rearrangement of Equation 7*79 and. integration gives:
r x = Xq
••V xr ^ dX^  J  X *= x- y - yx
mi; a - - - — *----“d TJ' j  ri *  ri *
J0(x - x )dZ j Q(x - x ) dZ 7*80'
In a similar way for the aquenas phase:
fX “ y9
Ka IE j T  = y aT y„-y. 7.81.
HTO =>    = r i ±  = r ■=---2-- —o TJ r 1 l 1
J 0(y* - y).dz j 0(y* - y)dz 
Integration of Equation 7*74 implies a constant value for Ka^ and similarly 
this is true for the aqueous phase relative to Ka^*
This constant value of Ka is referred to in standard studies as an 
1 overall value1. It does not imply, however, that Ka is constant through­
out the column. The relationship between the point values of Ka in the 
column, and this constant or ’overall1 value of Ka established from
expediency is obscure and can only be appreciated within the context of the
50definition. It. has been shown by Thomas that in practice Ka can. vary 
considerably along the column, and an assumption of a constant Ka value in 
the physical sense is inadmissible.
Knowing the x- and y-profiles along the column, the integrals
fl fl - '. m
j q (x  - xQ)dZ and ) Q(ye - y)dZ can.be evaluated by Simpson’s rule. Erom the 
terminal conditions and these integrals the true values of NTH and KTTE
C CL.
can now be calculated using Equations 7*90 and 7*91* the present studies 
the computation of - xe)dZ and ^  Q(ye - y)dZ was carried out section, by
section, each section being divided in 100 equal increments of Z, according 
to the equation below:
1 f0.125 f 0.25
Q(x - xjdz - J 0 (x - xe)dz + J oa25(x - XQ)dz + ...
(1
+jo.875^X ~ Xo^dZ 7*82
•» *
- 100 -
In this way sectional NTU, HSQUi, and Ka values are obtained as well 
as a total value based on the addition of the parts.
7;*4* Physical Properties of Fluid Measurement
Some knowledge of the physical properties of the dispersed phase; 
is necessary to understand mass transfer in liquid-liquid contactorsf 
The interfacial area per unit; volume of dispersion, the mean particle 
size, and the volume fraction, of dispersed phase are. some of these, 
properties of dispersion* Any two of these quantities are sufficient; 
to define all three, since they are interrelated hy,
aev “ a 7.8J.
where
disv = surface volume mean diameter or sauter mean diameter, define
as
dsv «   p
.1-1 nd 7.84♦
a * area per unit volume
« hold up, volume fraction of dispersed phase, 
d « particle diameter
7*4.1. DROPLET ABBA
IHTROPUCTION:
A survey of the methods employed to determine the interfacial area 
of dispersed phase droplets have been given under literature survey.
126A survey of optical and chemical methods has been given by Calderbank 
with relevant references.
Several workers have developed theoretical and empirical correlations 
for predicting interfacial area in liquid-liquid', extractors. Some of 
these relationships are reviewed and the result of their application, 
compared with data from the oscillating Baffle Contactor. Hew relations 
developed in this study have similarly been tested.
7.4*2* CORRELATIONS OH DROPLET BTOERFACIAL AREA .
797*4*2.1* Levich ' ' deriv6d the expression for finding tho area in 
“breakup of drops in turbulent liquid- flow, based on dynamic pressure 
exerted on oposite sides of a drop and energy losses occuring in flow per 
sec, per unit volume and got
T . = ( i 'i 3/5 2 y rdi = L  , ■ ■■— - -— — -?-r
“av ~ ■“ l^K Q  j Tr6•tl /5 7.85.
where
K = constant =0,5 
787.4.2,2. Kegan et al obtain an empirical relation for experiments
with Rotating Disc Contactors. The found
dgv « K (^ Re^ ) ~ (?r') ~ °#5 f ^ \ °*5
By applying dsv in turn to each of the groups while keeping the others 
constant they found1
= I6..7 (Re. Ii) "°*3 0,5 if0,25 7.87,.
and on further simplification, got
a__ - X0.6HO0*5 Y 0*5 tf-0-9 xtc-0-9 Cc-0-8 b T°-25 7.88.sv
The experimental data were found to deviate by - 10^.
7.5. DROP AREA DETERMINATION IN OSCILLATING BAFFLE CONTACTOR
The average surf.&ce-volume diameter d of drops in a contactor, cansv
be assumed to depend on the density, viscosity and interfacial tension 
of the fluids Q ,p^and , N speed of rotation or oscillation of the 
agitator, g acceleration due to gravity, D one of the dimensions of the 
contactor say diameter or height of column. Hence
igv = £ (v*. CJ>P' S > x )  7-89*
Aav = average area of drops, and D the height of a section where f means
’function of’.
The variables in terms of fundamental units of mass M, length 
L and Time T, have the following dimensions
w 1 f? JL tt 121 a- 2L V~ 2L
I t- “ l3 " Iffi 3" T2 •' t2
We start with six variables which involve three dimensions,/ Apply pi 
theorm, three dimensionless groups would result* We have
a = Aav - CBa H ? * <2 ° vt 3 0 £ 7.90.
57 D
Equate the exponents mass, length and time respectively, to give
(-5)6*)* (*)*(-*)1 MU
L = l = a + e - 3c - d
M 0 = c + d + f
T. 0 = - b - d - 2c ~ 2f
Finding a,b,c, in terms of d,e,f, we have
c a - d - f
b = - d - 2e - 2f 
a = l -  e - 2d - 3f
W t ' T  f-4-'1 * ‘yQwrj \ o /  \CwirjHence = C ( j X g )  i — ) I =-**) B 7.92.
if d = ~ 1 and e. « - h and f
then Equation 7*92 becomes
dsv = C* (b* ) 1 (Ec) hl(We) 3 7*93.
where
C1 « Constant in ft.
The numerical values of the coefficient G1 and exponents l,h, j can be 
determined from experimental data*
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CHAPTER 8
RECORD OF EXPERIMENTAL RESULTS
(
8.1. DROPLET HOLD-UP M D  EFFECT OH MSS TRANSFER
The resulx of droplet hold-up measured for different operating 
conditions are reported in Tables 20-29. For equal flow rates of 
continuous phase and dispersed phase, the effect of oscillating speed 
on droplet hold-up are given in fig. 48A for Column II, figs 59A, &9A 
for Column I with carbon-tetrachloride - water-Aceitc acid as flow 
system, and fig. 65A for Column II with M.I,B.K.-Water-Acetic acid as 
flow system.
The effect of through put and oscillating speed at equal flow 
rates are shown plotted in fig. 48® for Column II, figs. 59®» 63® ^or 
Column I with CCL^-H^O-Acetic acid as flow system. Pigs. 65B, 68 with 
M.I.B.K.-B^O-Acetic acid for Column II. Pig. 53 II shows comparison of 
effect of hold on flow rates for the Columns I, II and III with the 
CCL^-H^O-Acetic acid as flow system.
The effect of droplet hold-up on the performance characteristics 
of the oscillating baffle contactors for different operating parameters 
based on NTU, HTU and Ka are shown in figs. 55-38, 44-47 for Column II 
figs. 61, 62 for Column I; figs. 68 I, 68 III, and fig. 6811 and IV show 
effect of hold-up on flow rates and on operating speeds respectively.
8.2. MEAN RESIDENCE TIME AND LONGITUDINAL DISPERSION COEFFICIENTS
The mean residence times of both phases for various operating
parameters have been measured, and one given in tables 20 and 21. These 
were obtained from the impulse dye injection studies in the O.B.C. The 
method used for calculating the longitudinal dispersion coefficients 
E of both continuous and dispersed phases ha,s been discussed in chapters 
5 and 7? and the values obtained are given in above tables.
The plot of dimensionless concentration against time of typical 
runs for the continuous and dispersed phones are shown in fig. 25A. 
Dimensionless variance CT has been plotted against Peclet number Pe, 
based on equation 5*H» and is shown in Pig. 22. The programmes shown in
appendix IV used data fed in of dye concentration against time obtained 
from the impulse dye study, to plot C/Co against time (Fig. 23), the 
G-curves (Fig, 24), and the F-curves (Fig* 25)? also the mean residence 
time and variance have been calculated in this appendix by the equations 
3.12 and 3*13 respectively,
8.3. PHOTOGRAPHIC STUDY OF DROPS IN THE OSCILLATING BAFFLE COLUMN
The result of still film and cine film on droplet sizes and their 
distribution were recorded, and prints were made from these films. Some 
of these are shown as 42 prints in Figs. 16A-16D.
The droplet diameter and area obtained from droplet count by
cn
Thomas and Weng in Column IV, (i.e. O.B.C. fitted with i" dia. holes
baffle blades, in 2l6” high and 3” dia. column with each sectional
baffle blade being 4” high and ll/l6” wide) have been used to obtain the
exponents and constant in equation 7*93. Table 14 shows the experimental
52data obtained by Thomas and Weng and droplet diameter calculated from
Levich equation 7*85 and the correlation derived in the present study
with the exponents and constant obtained above used to give equations
52
9.15 and 9.17* While table 15 shows droplet area obtained by Thomas
and Weng and droplet area calculated from equation 9.15, 9*17 and 7*83.
Table 44 shows d and A calculated by equation 9.15, 9*17 and 7*83 sv sv
for Column II (i.e. 4' high, 3” dia. column fitted with Mesh Baffle 
blades) with CCL^-HgO-Acetic acid as flow system.
8.4. SOLUTE CONCENTRATION PROFILE BT THE CONTACTORS
The solute concentration profile along the columns height are 
presented in Figs. 75-78 and shown in table 29, for various operating 
conditions. The intermediate values of solute concentration of the disperse 
phase x along the column were calculated by the method explained on 
pages 114-117 using equations 7.45-7*68, This method uses the real 
continuous phase y profile and the differential equations 7*46 and 7*47 
and a mass balance to obtain ’calculated' and ’operating' x values
respectively. These ’operating* values of x in the dispersed phase were' 
used in calculating the 'apparent measured' (HTU) and the 'calculated* 
values of x in the dispersed phase used to calculate True (HTU) of the 
contactors.
The effect of inlet solute concentration on the performance of 
the O.B.C. has been shown in Table 34*
8.5. CONTACTOR OVERALL PERFORMANCE
The Number of Transfer Units (NTU), Height of Transfer Units 
(HTU), and Overall Mass Transfer Coefficients (Ka) for both the continuous 
and the dispersed phases have been calculated from the solute concentration 
profiles measured along the length of the columns during the operation, 
of the Oscillating Baffle Columns. The apparent measured and true 
performance characteristics have been calculated based on equations 
3*29-3*59 and equations 7*56-7*82 and are shown in tables 22-29 and are 
plotted in figs. 30-78.
Height Effects
The effect of tower height on the performance of the O.B.C. has 
been studied. The result of experiments on column I (41 high and 3" dia) 
and Column V (2* 6" high, 3“ dia) both fitted with dia. holes baffle 
blades are recorded in Table 27, and plotted in fig. 52.
Oscillating Amplitude Effects
The effect of varying the oscillating amplitude of the mesh baffled 
O.B.C. (Column II) on apparent measured performance has been shown in 
table 23*
Baffle Type Effects
A comparison of the performance of the 3 types of baffle blade 
perforations studied has been made, and results plotted in fig. 53, 
have been collected from table 22 for Column I, table 23 for Column II 
and table 25 for Column III.
8.6. INTERFACIAL TENSION MEASUREMENTS
The interfacial tension measurements were made with a Torsion 
"balance at reported in section 5.3* results of these measurements
are shown in tables 5 and 6 and plotted in figs. 13, and 14. The effect 
of interfacial tension on the performance characteristic of the O.B.C. 
have been plotted in figs. 69-77 for* both the CCL^-H^O-Acetic acid and 
M. I.B.K.-H^O-Acetic acid systems.
8.7, POWER MEASUBEMENTS'
The power measurements techniques have been reported in section 
4.4 with transmitted power values being read directly from the pre­
calibrated meters in lb/ft. The recorded power in both the O.B.C.
(Column II) and R.D.C. (Column Vi) are for 4’ high and 3” dia. columns, 
and CCL^-H^O as the flow system; with water as continuous phase and CCL^ 
as the dispersed phase. Table 36 shows power measurement for different 
flow rates with continuous phase flow only, while table 37 shows power 
dissipated for different flow conditions with both continuous phase and 
dispersed phase flows at equal flow rates of both phases. Table 38 shows 
no load power i.e. empty column. Table 39 shows power measured with the 
columns filled with continuous phase without flow taking place. Table 48 
shows power dissipated with continuous phase flow only,, while table 41 
shows power measured with continuous phase and dispersed phase flowing at 
equal rates. Table 42 show agitating or shreading power which has been 
defined as power dissipated during continuous phase flow only less no 
load power. Table 43 shows dispersing power defined as power measured 
with both continuous phase and dispersed phase flows less no load power.
Figs. 79-86 shows graphs of power N^ plotted against various 
dimensionless numbers shown in the above tables.
CHAPTER 9
TEST AND APPLICATION OP CORRELATION TO EXPEREAETTAL RESULTS
9.1. IM5RPRET ATI OH OF DATA OH POWER
When Linear and shape dimensions are constant the simila ity 
equation 3*71 gi-ves
V K ( HE e ) a . ( * * y  ( HW e )°  9-1 -
The Weher. number expresses the relation between the dynamic
pressure of the moving liquid and the interfacial stress. It is defined
155by Sterbacek and Tausk  ^ by the relation
We M  9.2.
x
For the case of droplet splitting Hinze. suggested expressing the Weber 
number by the ratio between the shear and the interfacial tension
We = ^52 9 .2a
if
where-^is the shear stress. The shear stress between the droplets and
the surrounding liquid is proportional to the intensity of mixing, which
thus also influences the Weber number. For direct representation of the
22mixing effect Rodger et al have modified the Weber number as
jj2 (?
We = 9.3.
0
The splitting of the drops is the more effective, the higher the inten­
sity of mixing. Consequently the diameter of the drops of the dispersed 
phase, decrease with rising impeller speed.
72It. has been found experimentally by Rushton et al that many of 
the exponents values in equation 9*1 are constant over significantly 
large ranges of the variables. Hence the general equation can be 
evaluated and simplified so that the variation of. separate variables can 
be evaluated.
The values of the exponents have been found from the plots of the 
experimental results shown in Tables 36-43# Ihe general equation has 
been evaluated and simplified so that the variation of the separate 
variables were evaluated.
The graph of vs. was plotted thereby reducing the general
equation to 9#4<(V)
The slope of the log-log plot of N vs. N gave the exponent a.
J? J -© .
Finally:, fron the plot of P lb-ft vs. T? (NRe)“
S.
for agitating and dispersing power, by taking two points on the 
best straight through the points shorn, gave K = 0.01 x 10~*^ for the
O.B;C. K = 0.023 * 10*"12 for R.D.C*
The equation of the power dissipated in agitating and dispersing 
the CCI4rH^0-Acetic acid system in the O.B.C. is given by
The K in equations 9 •1-9#9 is a dimen&ionless constant characteristic 
of the reaction mixture and the equipment,
9»2. Interfacial Area from Droplet study
The power equation 9*8 contains the Weber number group, (as for 
equation 9*3) and since this equation applies to agitating and dispering 
power in the O.B.C. and equation 9*2 affords another means of calculating 
Weber number. The surface volume diameter is the only unknown in this 
equation, therefore this affords a means of calculating interfacial area 
of droplets. Taking droplet hold up into consideration in calculating 
the speed of droplet movement through the contactor, equation 9*2 is 
modified to give
The equation 9#12A, has been used to calculate droplet interfacial area 
and the values obtained were so varied that they were unacceptable.
m = o.ci x icT11 (p \ Rq 9#10.
and in the R.D.C.
W = 0.023 x 10 
P
9.12.
Hence from equation 9*3 and 9*12 we have
v
2 9.12A
156 'EEeuven and Beek in their paper on power input in liquid-liquid disper­
sion in stirred vessels, interpreted their results with the theory
123 157developed by Shinnar and Church ’ t This predicts that a ieber 
number (We) is a constant,
dzo (  C ^  Hi ^  D ^  ^  = constant; 9# 13*1 A 3/? /
This condition is satisfied if the droplet Reynolds number (Re) is
123 157greater than unity.
From equation 9*3 and equation 9*13
>5 h2e (  ^
^ 2 t  I C 3/5 w6/5 i/5 / 9.1JA
The equation 9.13A has been used to calculate droplet diameter shown in 
Table 45,
From equation 7*83 and equation 9 *13A 
6
a32
The result of the use of this equation to calculate, is shown in 
Table 45.
Equation 9*138 has been written introducing a constant into the 
R.H.S, of the equation to account for indices hav;’jig different values om 
similar parameter in Weber numbers in equation, 9*13^ used to calculate 
d-.0 t ogive
H
a32 ” F* 9.13C.
32
where F is a coefficient; dependent on the operating speed
Column II - CCL4-Acetic acid-water. as flow system 
when. = 90 osc/min F « 5*68
" = 100 ” " « 8.73
» = 120 11 ” * 16.02
” « 150 ” ” » 24.6
» = 180 " ” « 34.4
The result of putting these values of F into equation 9*138 is also shown
in table 45* The ini rfacial area calculated from equation 9,15 used
for table 44 has also been shown in table 45*
The following final correlation was developed in section 8.5*
by dimensional analysis to relate interfacial area to various operating
parameters. , .
d = Cf (Re)1 (Fr) (We)0 9*14*
* SV
The result of droplet count from still photographs in Column IV by 
52Thcmas et al are given in tables 14 and 15* For the flow system
CCL^-HgO-Acetic acid at equal flow rates of both phases.
Applying multiple regression technique to equation 7*93 derived
by dimensional analysis in the present duty, and feeding in data of 
52
Thomas et al, the exponents and constants in the equation 9*14 were 
found and the equation was reduced to
d = 0.1488 (Re)*”0,51 (Fr)"0-19 (We)"0*19  ^ 9*15*
SV
i.e*
d
/ o v-0*31 / r, \-0.19 / „ « •?\,^*19
i f f )  N f )
After rearranging equation 9*16 for computational purpose we have,
d ^  = 0.1488 A0*51 g°*19 °*19 d“1*38 n“1#°7 9.16A
The equation 9*16 has been modified by several workers in the
past. Although it is not apparent to the author where the virtue of 
such modification lies, it is possibly of interest to investigate the 
present results on the basis of the modified equation. For example
Kagan*^ et al (as shown in equation 7*86) have modified the N and I) terms
from the Weber number in their coefficient K (page 102) which was assumed 
to be constant.
Thomas and Weng^2,/^  experimental results were used in the Kagan 
equation 7*86, but the indices were modified as shown in equation 9*15*
The coefficient K was calculated but showed such variation that it was
■unacceptable. By retaining the indices on (Re) and (Er), but adjusting
It was not considered worthwhile examining all the experimental results 
recorded at R = J to 4 as there was no interest to use the equation 
subsequently.
Equation 9*16 has been used to calculated droplet diameter in
Column II for operating conditions shown in table 23 > and are tabulated
in table 44* Also shown in table 44 is the interfacial area calculated 
from equation 9*2. Hence a calculated K value determined from Ka values 
taken from table 23*
9.3. COMPARISON OF PREDICTED AM  EXPERIMENTAL HTU VALUES
In section 7*2 dimensional analysis was used to derive equation
7.16 which relates HTU to the operational and physico-chemical parametersoc
of column performance. A test of the usefulness of equation 7*16 the 
O.B.C. was made for the systems CCL^-H^O-Acetic acid and M.I.B.K.-Water- 
Acetic acid.
The physical properties of the systems are taken as mean values. 
The diffusivity was claculated from the Nemst equation 7*7* 
The density and interfacial tension were directly measured over the 
concentration ranges studied.
the index on was possible to minimise the deviation in K. A
value of K = 0.7 with the index O.403 on the tern was taken
value for K, a plot was made of d vs. Re Pr7 sv
To obtain the best value for the index on mean
This has not been recorded in the thesis as it is not too relevant.
"fwHowever, K varied about a mean by 12 -%* The test was carried out at
R = 1 and the full equation is as follows
9.17.
For reasons given in section 7*2, the exponents of the various
77groupings as found by Smoot et al in equation 7*5* and 7*6 have been
used and are given in equation 7*16 thus
v  0.53* -nO.317 , 0.683 V  0.097 A {31.04
(HTU) = 10.4 Yo 33 h Q ^  9-18.
00 D 0.865 y 0.434 B 0 .4 3 4p 2 .34  H 3.27 y 0-636 
v o p ^d d d
COLUMN II
With M.I.B.K.-Acetic acid-water as flow system gave the constant 
A •%> 4.15. Hence we have, equation 9-18 replaced for these conditions by,
y 0.539 do.317 ho.683 ^ 0.097 1.04
(HTU') —  -G' ........ ..... 1-— — ---- -.. 9-19-
{liiUJoc " D 0.865 y 0.434 jj O.434 p  2.34 rr 3-27 y 0.636
v 0 p  ^d ^d d
A test for Columns I and II
With CCL.-Acetic acid-water as flow system showed large 
discrpancy between experimental (HTU)qc values and calculated (HTU)qc 
values by equation 7-6 or equation 9-18. A check on the print out from 
the computer program (appendix V) of the individual value of the various 
parameters in equation 9*18, showed that Us ^ *^97 contributed most to the 
exceptionally large difference between experimental and calculated (HTU) 
values. Retaining the indices on the remaining parameters, and adjusting
the index on ^  , with the new exponent, we have for Column I. CCL^-Acetic
acid-water system
. 0.539 -nO.317 , 0.683 V o .531^^ 1.04
(HTU) = A c P ___________ 9.20.
oc j. 0.8^ 5 y 0.434 B 0.434 n 2.34 „ 3.21 y 0.636
v o p  ^d d d
A varied with oscillating speed.
when N = 100 osc/min 5*50AA4L7«05 for calculation, an average value 6 was
used.
»» N 120 " 2.74<A <5.9 " {f " " value 4 was used.
" N 150 " 1.22 <A <3.56 » n ” ” " 2 " "
COLUMN II
CCL^-Acetic acid-water system.
When 9 0 4 ^ 1 5 0  osc/min, 0.90<^A\ 1.56 An average value of 1 was taken
Equation 9*20 has been used to calculate (HTtJ) values inoc
Column I for CCL^-Acetic acid-water shown in Table 16 together with
experimental (HTU)oc values? similarly (HTU)oc values in Column II for
CCL.-Acetic acid-water are shown in Table 17•
The comparative results using equation 9*19 in Column II for the
system M.I.B.K.-Acetic acid-water are given in Table 18.
In conclusion, it is clear from the calculated (HTU) that for’ oc
any specific system the value of A varies slightly from one system to 
another and with oscillating speed. A close analysis did reveal an 
orderly dependence on oscillating speed, i.e. decrease with increase in 
speed of operation. The fluctuation in the value of A for different 
flow condition at a given operating speed may be due to unavoidable 
Complexities in the operation of the contactor that affect mass transfer 
and (HTU)oc, such as non-uniformity of solute inlet concentration and 
different hold-up values.
CHAPTER 10
D I S C U S S I O N
10.1, DISPERSED PHASE HOLD-UP
Visual observations show that the dispersed phase droplet 
sizes decrease down stream from inlet point into the contactor„ This 
variation affects the magnitude of longitudinal mixing and mass 
transfer rate in the contactor. Table 29 shows this in the recorded 
sectional values of mass transfer coefficients and sectional values of 
the performance in the O.BiC. Also in figs, 69-77* the graphs of 
sectional HTU against column height, the sectional values can be seen 
to vary along the length of the column. The drop size distribution in 
the contactor is directly related to the hold up measurements, an 
aspect examined in section 10.2.
10.1.1. EFFECT OF OSCILLATING- BAFFLE SPEED ON HOLD-UP
The effects of oscillating baffle speed on hold-up is shown 
in Figs 48A, 59-A, 6JA and 65A, These graphs have been plotted from, 
the results taken from Tables 23, 22 and 26. They show that for a 
given flow rate at R = 1 i.e. Qc/Qd = 1, the droplet hold-up increases 
gradually initially, for increase in oscillating speed. This increase 
in hold up becomes rapid as the flow rate of both phases are increased, 
and a maximum operable value is reached at "load” preceeding the unset 
of ’’flooding” conditions, beyond which the phases are reversed within 
the contacting section. Fig, 63B shows that for increase in oscillating* 
speed and increase in R, the hold-up decreases.- This is in accord with 
expectation since an increase in R involves either a decrease in Qd, 
hence lowers hold up, or an increase in Qc for a given Qd which would 
have the same effect. Also the graph indicates that for a given R 
value, the hold-up increases with increase in oscillating speed. It 
can then be said that for a given flow rate, the hold up increases with 
increase in oscillating speed, and as flow rate is increased, the 
hold-up becomes more sensitive to oscillating speed effects and the 
approach to ’’flooding” conditions is therefore accellerated.
In general, for a given through put, the oscillating speed 
had a more pronounced effect on the hold-up of the droplets than the 
continuous phase flow rate.
10.1.2. EFFECT OF THROUGHPUT, FLOW RATIO ON HOLD-TJP
The effect of flow rate Q on hold-up is shown in Figs. 48B,
53 II* 54 I* 59®* 6 5® 65®* Most of the graphs show on the horizontal
axis Q for either Qc or Qd since R == 1* For the plots of throughput 
(Qc + Qd) against hold up, this is done simply by multiplying the 
values of the QTs shown in these graphs by 2. The graphs remain 
unchanged except for the magnitude of the values shown in the horizontal 
Q axis. The graphs show that at a given oscillating baffle speed, there 
is an increase in the value of hold-up with through put, and this 
increase becomes rapid with increase in speed of oscillation. It can 
also be realised that the higher the oscillating speed, the more 
sensitive the hold-up becomes to the through put and limits it, at the 
same time reducing the capacity of the contactor, as "flooding" 
conditions are reached earlier even for small feed inputs. The effect 
of flow ratio R on hold up has been covered in the previous section.
It will be mentioned here in passing that, for a given through put 
(Qc + Qd) » 100 L/hr, Fig. 63B* the hold-up decreases with increase in 
R, for a given oscillating speed. This is as expected and the hold 
up is greater at higher speeds of oscillation.
10.1.3. EFFECT OF BAFFLE BLADE PERFORATION TYPE ON HOLD UP
The effect of type of perforation on droplet holdup is shown 
as the broken lines in Fig. 55 II* This is a typical graph for the 
relationship between the various baffles investigated in the present 
study. It clearly shows that the hold up for the mesh baffle increases 
much faster for any given operating condition than any other type of 
baffle perforations used in the present study. This is to be expected 
(see drop study 10.2), since the oscillating motion of the baffle
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necessitates the droplets being ’strained' through the perforations, 
and the mesh baffle produces a larger number of smaller drops# This is 
to be expected as the mesh gives the smallest perforation studied and 
therefore this type of baffle blade tends to be ’loaded1 much faster 
than the others•
10*1*4. THE RELATIONSHIP BETWEEN HOLD-TJP AND OVERALL M S S  TRANSFER
COEEFICIHTO (Ka)
The hold-up is related to the mass transfer coefficient Ka#
At present it is not possible to obtain values of the transfer rate 
coefficient K without a knowledge of the hold-up and drop characteris­
tics.
It can be seen from figs. 37C, 380, 450, 4&C and 68 III &
IV, taken from tables 22-29 that there is an increase in Ka^ with an 
increase in droplet hold up The increase in (Ka)^ following
increase in flow rate is accompanied by increase in hold up, as seen in 
figs. 380 & 450. Similarly the hold-up increases with increase in 
oscillating speed, and also (Ka)^ increases as shown in figs 370 and 
46c, These results are for the system CCL4~H20-Acetic acid system.
The result for the M.I.B.K.-SgO-Acetic acid system is not as clearly 
defined, but the trends are similar as shown in fig, 68. The discussion 
of droplet hold-up and its effects cannot be divorced from the study of 
droplet interfacial area, and those calculated in the present study are 
shown in tables 44 and 45* These tables show that (a^) increases with 
flow rate and increase in hold up, for a given operating speed9 a ^  
also increases for a given flow rate with increase in speed and also 
hold up increases. As a ^  is related to droplet hold up by a ^  - 
6 S ^ / d ^  it is reasonable to expect for increase in hold-up^ 
and smaller sauter drop size the larger will be a^S even if d ^  remain 
constant at given speed as in table 44 and. 45* increase in hcld-up 
increase a^^• Hence Ka^ would increase with increase in hold-up which 
is borne out by our results.
Further a^g increases faster than Ka^ does, and knowing or 
determining a^g values, values are found to decrease with increase in 
droplet hold-up*
Table 20 shows the mean residence time increases with 
increase in speed, but decreases with increase in flow rate. The 
increase in the mean residence time with increase in speed is 
associated with an increase in hold-up and so K^ will decrease, 
necessitating increase in longitudinal mixing, hence poorer mass 
transfer. Therefore our results follows theoretical deductions,
10.1.5. EFFECTS OF DROPLET HOLD UP #  d OF (HTU) AMD (HTU)
By definition BTTh = th/Ka^
Ka.
and HTU. =1 U. Hl
It follows therefore that all the arguments put forward in section 
10.1.4* on relation between hold-up and Ka, apply directly to (HTU), 
since HTU Ka^i conversely the reverse case applies to HTU, as HTU 
is inversely proportioned, to Ka, This is substantiated by the result 
of the graphs given in figs. 55-58 A & B, 44-47 A & B, 61-62 A & B, 
and 68, Ho useful purpose would be served here in repeating the
arguments. The results show that the O.B.C, performance has a direct 
relation to the droplet hold up and drop size distribution, and it 
functions in a relatively predictable pattern.
It is of interest here to comment on the relative values 
of hold-up measured by manometric and drainage methods. The values of 
hold-up determined by the manometric method in the operation of the 
R.D.C, at speeds greater than 900 r.p.m, were found to be greater than 
values obtained by the drainage method. The difference could be 
attributed to the centrifugal force of the rotating discs on the 
continuous phase flowing alone in the column, i.e. prior to the 
introduction of dispersed phase, and can be termed "permanent hold-up",
a terminology in common usage In connection with hold-up measurement 
in Packed Towers, This term represents the centrifugal force or pumping 
action of the rotors, as opposed to the permanent hold-up in Packed 
Towers, presumed caused by droplets trapped in the packing* Therefore, 
the normal hold-up recorded in the present study is the difference 
between the measured ’total’ value and the observed value in the absence 
of dispersed phase (permanent hold-up) , which agreed with measured hold­
up by the drainage method. The permanent hold-up was always found to 
be small in proportion to the total hold-up, but significant and 
measurable. The permanent hold-up value increase with increase in 
continuous phase flow rate and increase in rotor speed.
For the O.B.C., NO "permanent" hold up was observed for the 
whole range of speeds studied, i.e. with the oscillation of the baffle 
blades with continuous phase flowing only in the contactor, no manometric 
head was produced, inferring no pumping action, hence minimum back 
mixing*
Increase in hold-up and turbulence both contribute to the 
constant formation of fresh interface. The addition energy supplied 
for mixing of liquids in counter-current extractors by agitation, 
lowers heights of transfer units. This is as a result of greater 
turbulence in both phases, and the rate of mass transfer to and from the 
interface increases.
Finally, the comparison of the performance of the different 
columns, referring to tables 22, 23 & 25 i.e. holes and mesh in the 
form of HTU, cannot be separated from consideration of droplet hold-ups 
e.g. high liquid rate 60/60 L/hr for mesh table 23, run No. 531 gives 
low (HTU) but high hold-up, and high liquid rate 60/60 for J" dia
OC
hold baffle table 22 run 5> gives high (HTU) value but low hold-up,
OC
In changing hole or mosh baffles, It must be related bo the liquid 
rates required, as it influences the choice,
The results of this study as well as those of earlier
50—5'5investigation on the 003,C. , and possibly future work can be
expanded into a separate study to obtain design equations for estimating
flooding rates and disperse phase hold-up in the oscillating baffle
l60
contactor, similar to the equations proposed by longsdail et al for 
the R.D.C, As a result of visual observation and from a study of 
figs* 16A-D there was a progressive decrease in d down the column,
SV
it will be apparent that the dispersed phase mass transfer coefficient 
depends not only upon the physical properties of the extraction system 
but also upon the droplet size distribution in the contactor*
10.2. DROP SIZE
Droplet size is an important factor influencing both the mass 
transfer process and the volumetric capacity. Systematic design should 
be made from the droplet analysis considerations.
In general, the distribution of drops produced in agitated 
systems results from an equilibrium between the competing effects of 
break-up and coalescence. Coalescence rates are related to inter 
droplet distances i.e. hold-up, but vary with position in agitated 
columns.
For the purpose of studying the print from the photographs of 
drops in the O.B.C. the section at the top of the column will be 
numbered 8 (the inlet end for the dispersed phase introduction into the 
contactor - CCL4). While the section at the bottom of the contactor has 
been numbered 1. All the photographs in Figs. 16A-D are magnified 9 
times the actual size of the drops.
A wide range of flow rates was employed and in all cases the 
droplet size distributions became progressively smaller with column 
height and only approaches an equilibrium value down stream with 
respect to the flow of the dispersed phase as seen from figs. l6A, 
frames 6, 12, 3 and 9 showing section 7> 5» 3 and. 1 respectively. 
Similarly for frames 2, 11, 8 and 5 and frames 10, 7? 4 and 1 show the
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same trend* The same deductions can he made from figs. 16B-D. As a
consequence of th.tr:the corresponding values of dg^  becomes
progressively smaller with the column height. As the droplets move
through the column they may therefore be considered to suffer periodic
collisions with each other and with the baffle blades which result in
a gradual reduction of dgv with increasing distance from the top of
the column where the dispersed phase is introduced. An "impact" or
"collision" mechanism has been invoked previously by Gayler, Roberts 
36and Pratt in developing their correlation of droplet characteristic
velocity measurements for packed towers. Such a change in dgv with
column height cannot be represented by an equation at present. Only
the photographs of drops taken in section 7 (near the injection point)
are anywhere near measurable as seen from these prints, and any
magnification beyond the present values put the drops out of focus.
The sane camera as used previously^ has been employed here, and size
of the drops here shows how the present contactors out match previous
O.B.C. in dispersing the drops. Since drops in section 7 of the
column are not representative of droplet distribution in the present
O.B.C. it was consider counter productive to attempt droplet count and
distribution based, on them. It was therefore decided to investigate
52and correlate the data of Thomas and Weng in O.B.C. column IV and 
see if the correlations thus obtained can be applied to the present 
contactors.
Variation of drop size with oscillation speed in light of
Kolmogorov'*''^  theories.
158Kolmogorov considered the dimensions of the eddies 
occuring in turbulent flow. If the drop diameter d is greater than the 
eddy length, then fluctuation in the fluid velocity around the drop 
will take place over the drop surface, contributing to breakup (1st 
case). Conversely if the drop size is less than the eddy length, there 
will be no such fluctuations, and break up occurs because of viscous
drag father than inertial force (2nd:case).
If the drop size were to follow a correlation which is in 
agreement with Kolmogorov’s 1st case, then for a given system
asK ( ? [ 0,4
However, most practical cases occur in the fully turbulent region where
159the power number (N ) is constant as stated by Batchelor . 
where P = total power, V = volume of contactor.
P*P = “ by definition 
P
= k  = constant
p hV ?
Por a given fluid system, and contactor, D, , are constant
P 0<H3
i.e. - C < H 3
it follows therefore that
—1 9
sv**<
If, on the other hand, the correlation is based upon Kolmogorov’s 2nd 
case, then
dsv°< t
p'-0.333
and using the same principle with reference to turbulence as proposed 
159by Batchelor then
asv << irl,°
The result of the correlation from the present study on intepretation
of results on O.B.C. column (IV) show that d (equationsv
9.16A)* This indicates a possibility of combined effect of the 1st and
182nd cases. Vermeulen et al gives the following expression for the 
influence of the impeller speed in R.D.C. upon the diameter of the
GENERAL OBSERVATION ,OF DROP SIZE
~   — -> ^
In all cases where comparisons with other work could he
made, the drop size found here were -smaller than those previously
reported for comparable operation in the O.B.C, column IV (216” high,
3" dia. fitted With J" dia. hole baffles - by Thomas and Weng^).
This is attributed to the present baffle blades being wider
than previous baffles, greater void area in the baffles for drops to
strain through, and in the case of the mesh baffle, smaller
perforations -11 the blades*
It has been possible to predict either d ^  (a) for a given
system in the O.B.C, operating under continuous counter-current flow
AGconditions, as a result of the previous photographic study (by drop
count) of drops in the O.B.C. column IV for the same fluid system as
that used in the present study. It is now possible to predict both
these variables from a knowledge of the phase flow rates, the physical
properties of the system and the oscillating speed,
As such it would be anticipated that d,0 would be a function
of the physical properties of the system and a study in the present
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work, of the data of Thomas and Weng , are well correlated by the 
expression5
d.^ 2 = 0.1488 (Re)“°#51 Fr"0'1  ^We~0#19 9.15.
In the O.B.C,, increasing the oscillating speed, or more 
precisely the power input per unit mass of fluid, decreases the size 
of the drops.
One interesting observation of the cine films was that some 
small drops could be seen moving up stream opposite to the general 
direction of the dispersed phase motion. This is consistent with the 
idea that there is a spread of drop distribution and below a certain 
size for given continuous phase flow rate, these drops are back mixed.
M T S  OF OSCILLATING _^1PLITUDE AMD EfffiQUAFCY OF DROP SIZE
Drop study -was made with the same baffle blade but different 
oscillating amplitude* Three amplitudes were employed, namely 45°>
30° and 24°and oscillating frequency in the range 100-210 osc/min.
Erom fig. 16A it can be seen that although the baffle oscillated at 
45° was photographed at 120 osc/min as compared with 200 osc/min for 
both the 30° amplitude and 24° amplitude, the drop size (this applies 
to some extent to drop size distribution as qualitatively observed 
in the photographs section to section) for equivalent height along the 
column were smallest for the 45° amplitude, followed by the 30° an& 
finally the 24° with the largest drops. Similar conclusions can be 
arrived at when frames in fig, 16C are compared. This is in 
agreement with the result of mass transfer study recorded in table 23 
and discussed in section 10.3*3«? where it is stated that the poorer 
performance of 30° and. 24° oscillating amplitudes may be due to some 
relatively less agitated pockets in their operations for the given 
baffle blades arrangement.
The higher the frequency of agitation for a given oscillating 
amplitude, the smaller the droplets produced in the contactor for 
equivalent positions. A comparison of fig, 16B frames 8, 6, 2, 4 for 
oscillation at 150 osc/min with frames 7? 1 for oscillation
at 100 osc/min for sections 7» 5? 5? 1 respectively, indicate that the 
droplet produced at 150 osc/min were smaller than those at 100 osc/min, 
confirming our deductions.
In most cases as reported in the photographs and also by 
frequent direct observation,the drop sizes were largest at the top of 
the column and then tended to decrease in size as they progressed 
down the column. Some exceptional cases were noted however in 
particular see frames 6 & 8 in fig. 16B. Erame 8 is for section 7 
while frame 6 is taken at section 5* There is certain evidence that
the drop size tended to he large at the top, but became larger with 
an increase in drop size occuring around section 5> before the more 
usual progressive overall decrease in drop size occured as the bottom 
was approached.
Pig. 16D has been included to show (especially frame 2) a 
comparison of drops size with blade perforations. The light area in 
frame 2 shows 6/7 of the blade perforation i.e. 6/7 of •J-" dia. hole 
actual size on the blade. Also spoed effect can bo soon by comparing 
frames 2 and 5* An increase in the speed from 120-180 osc/min, shows 
a change from a clearly visible frame through the dispersion to a mist 
formation, completely obliterating the outline of the baffle blade.
10.3. MASS TRANSFER
The mixing of immiscible phases is designed to produce high
interfacial area for mass transfer, chemical reaction or both.
Dispersion by mechanical agitation is resorted to when very high rates
of mass transfer, unattainable by other means are demanded. Results
of runs performed without agitating with mixing being due to flow and
gravity effects alone can be seen in table 23 runs 72 and 73. The
(HOT) recorded 1,081 ft,, and 567*3 ft. can be compared with the o
result of agitating at the poor rate of 90 osc/min runs 41 and 30/30
L/hr to give (HOT) = 55*3* These results speak for themselves, o
Mass transfer may influence performance through interfacial 
turbulence or by large changes in coalescence rate. Satisfactory 
correlation of liquid-liquid extraction data is often frustrated by the 
sensitivity of the performance to interfacial phenomena. This can 
result from the effect of contaminants on the surface tension or by the 
formation of an additional resistance at the interface. These 
phenomena, which are unpredictable can alter the column hold-up and 
flooding characteristics, interfacial area, backmixing and the mass 
transfer coefficient itself.
10.5.1. FEED IFIRCDUCTION TO CONTACTOR
A couple of the experiment tests in O.B.C. were performed
with the disperse phase feed introduced to the contactor via a ring
disperser containing 18 holes each dia. located in the top header.
The run numbers with the letter D after them in tables 22 and 25 show
the results obtained. From table 22, (HDD) from Run 7^ = 72*9-ando
Run 6 without disperser (HDD) = 77*4? similar comparison can be madec
of runs 10D and 11 for identical operating conditions. Also from table
25, the same deduction can be made for 2x1ns 65D and 62, 65D and 64.
Other runs made with the disperser in both .tables show
similar trend. Hence it can be said that how the feed is introduced
into the O.B.C. has been found relatively unimportant as long as the
systems are well mixed in the contactor. This will be looked into
further in connection with end effect especially at the inlet end of the
36dispersed phase. Similarly Pratt showed that a stable drop size is 
rapidly reached in packed towers as the dispersed phase passes into the 
packing, this size being independent of that obtaining at the injection 
nozzles* This obseirvation is in accord with the principle that the 
hydrodynamic field determines the stable drop or bubble size.
10.5.2. END EFFECTS OH MASS TRANSFER
The result of calculation of end effects (tables 51-33) and 
the graphs of concentration vs height of column, and sectional HTU vs 
height of column (Figs. 69-77) show end effects at the dispersing 
section of the column are minimal. The end effects account for less 
than 9% on the average for the overall extraction. In fact when the 
O.B.C. is operated as speeds^ 150 osc/min the end effects account for 
less than 1% (see tables 51-35)• graphs of (HTU) sectional vs
column height (Figs, 69-77) show a trend to the minimum sectional (HTU) 
at the disperse phase inlet end, especially for the system 0014- ^ 0- 
Acetic acid.
10.3.3. OSCILLATING ANGLE M D  AMPLITUDE
For the baffle blade arrangement used In the present study
(4 blades sets at 90° apart), an amplitude of 45° achieved the best
performance in terns of HTU for any given operating conditions. This
can be seen from table 23 and comparing the results from runs No,
64-82 for 45°i 24°y 30° amplitude respectively and from fig. 53*
Oscillating the present O.B.C. below 45°9 ^  caa be reasoned
(to account for the poorer performance of 30° and 24°) that some
isolated unswepted fields would result and these relatively less
agitated pockets contribute to poorer performance. The poorer
performance from the 30° 24° operation has the advantage of better
hold up values than 45° angle. Hence for decreased oscillating angle
below 45° the number of baffle blades should be increased above 4?
conversely increase in oscillating angle, the baffle blades should be
decreased to compensate as shown above.
It can be deduced that oscillating the baffles above 45°
would bring the motion in the contactor beyond oscillating and closer
to rotational movement, thereby losing the inherent advantage of the
oscillating motion, (it will be shown later that the O.B.C.
performance is better than the R.L.C., as has been shown previously
50- 53%
by Thomas and co-workers ;.
Stagnant pockets and axial mixing in contactors have the 
effect of reducing the performance of contactors. Although axial 
mixing is not sufficiently significant in the present contactor
50—53(tables 20 and 2l) and previous O.B.C. by Thomas and co-workers ,
it can be concluded that alteration in the number of blades in the 
present contactor with corresponding change in the oscillating angle 
should be investigated in future to determine whether further 
improvement towards eliminating or producing a substantial reduction 
in axial mixing effect can be accomplished.
10.3.4. PERFORMAHCB IN TERMS OF HTU
Oscillating Baffle Speed and HTU
The data obtained in the operation of the O.B.C. with the 
systems CCL^H^O-Acetio acid and M.I.B.K.-H^O-Acetic acid showed that 
(HTU) and (HTU). decreased continuously with increase in the oscillating
C  CL
speed as shown in tables 22-29• and figs. 30A, 32A? 40A, 414? 504, 514,
554, 574? 66A, 67A. It is apparent from these graphs that the trend
is toward a minimum value of HTU in these curves for most operations
with different types of blades*
The data obtained in the present study are sufficiently
encouraging to warrant the development of correlations based on them.
The performance in terms of (HTU)oc has been correlated with the
operational and the physico-chemical parameters of the columns in
chapter 9 (sections 9*3)• The result of the application of these
correlations to the O.B.C, are shown in tables 16-18. The larger
variation in the deviation > 10fo in tables 16 and 17 for CCL^—HgO-Acetic
acid system can bo associated with variation in the inlet concentration.
It suggests that the inlet concentration must affect the surface tension,
which intum affects drop size and properties? resulting in higher HTU
in some cases and wide deviation from estimated values by correlation,
equations 9*19 an& 9*20.
This variation does not occur for the M.I.B.K.-HgO-Acetic
acid system (table 18). In this way it differs completely from CCL4.
Blow Ratio on (HTU),
A characteristic feature is that the (HTU) is determined not
by the absolute values of the phase velocities, but by the flow ratios.
This is substantiated by results shown in table 22, Run 17 shows
R = 0.33? (HTU) = 19.9 while for Run 20, R = 4? (HTU) = 197,1 and c c
Run 15D, R « 1, (HTU) = 48*4* Similar comparison can be found in00
other results.
The effect of flow ratio on (HTU) has been shown in fig*.o
64A taken fron values in Table 22 HTU increase with increase in R.
An increase in R, necessitates increasing Qc or decrease Qd, thereby 
reducing the interfacial area available for mass transfer.
However (BTU)^ showed decrease in most cases with increase in 
R, indicating the mass transfer from the drop phase improve for 
increase in R. Here the decrease in values of U^ is not balance by 
the decrease Ka^ to keep (HTU)^ constant.
Flow rate, through-put (Qc + Qd) on HTU.
Increase in through-put has little effect on the value of 
HTU at any given speed as seen in figs. 31A, 33A, 39A, 42A, 531? 55®, 
57B, 66B, 67. This is not unexpected since HTU = U/Ka, The effect of 
increasing throughput tends to increase Ka, which compensates for the 
increase in U, hence the values of HTU for given operating speed 
remains virtually unchanged or marginally decreases with increase in 
throughput•
10.3.5. EFFECT OF EXTENDING BAFFLE BLABE TO WALL
The extension of the baffles to the wall of the column has 
been found to improve the performance of the O.B.C., for the same type 
of blade perforation. Table 28 clearly shows the performance of the 
baffle blade 7/8" wide (B) column V more than 1-J- (in most areas) better 
than baffle blade ll/l6" wide (A) column IV for equivalent height of 
column, diameter, and operating conditions. This has been plotted in 
figs. 49 A and B, 50A and B. From the recorded results it can be seen 
that only at the higher speeds > 200 osc/min and high flow rates that 
the hold up of blade B in table 28 become significantly greater than 
that of baffle blade A. Hence baffle B approaches flooding much faster 
that A for these conditionsj hence the capacity might be significant 
for the operating conditions envisaged.
Comparison of 2ft £u high column with 4ft high Column
Table 27 shows the result of experiments in two Columns I
and V both of 311 dia., and containing dia, holes baffle, blades?
Column I, 4’ high and Column V 2* 6n, The result shows that (HTU)oc
decreases with increase in column height* Kreager dt al similarly
found that the (HTTJ)oc decreases as the height of column increases.
In the present study the column diameter was kept constant throughout
at 3M. However, the height to diameter ratio for a contactor may be an
important factor, since at high values of this ratio more truely
counter current action is probably obtained and this should lead to a
lower (HTTJ) inside the column. This needs looking into in future study oc
on the O.B.C.
iO.4. LONGITBBINAh DISPERSION COEFFICIENT (E)
The results of the impulse dye injection test are shown in 
tables 20 and 21, The relationship between the mean residence time and 
the values of Ec and Ed is a complicated one due to the operating 
conditions and geometric factors.
10.4.1. PLOW RATE 01 Ec AND Ed
For a given oscillating speed, the (E) values of both the 
continuous and dispersed phases generally increased with increase in
flow rate, for a constant flow ratio. An increase in flow rate will
result in greater turbulence and the increased formation of eddies.
An increase in Ec is directly attributable to an increase in flow rate. 
Under these conditions also there is an increase in the hold-up of the 
dispersed phase, hence an increase in the value of Ed will be expected.
10.4*2. OSCILLATING SPEED ON Ec AID Ed
Ec increases with increase in oscillating speed at first, 
and then decreases at the higher operating speed i.e. 150 osc/min as 
seen in table 21. Ed shows generally (except at 120 osc/min) a
similar trend. There is a tendency for Ed to approach constant values 
at higher speeds. The values of Ec and Ed approach each other at 
150 osc/min, Changes in values of Ed are much more marked than Ec 
values. This could be due to increase in hold up and number of drops.
10.5. OVERALL MASS TRANSFER COEFFICIENT (Ka).
10.5.1. THE EFFECTS OF OSCILLATING BAFFLE SPEED (N) ON Ka
The effect of baffle oscillation rate on Ka for both disperse
phase and continuous phase are recorded in Figs. 34-> 43 A &C, 60 A &
B, 66E, 67A. Generally, Ka, and Ka both increase with increase in the
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magnitude of N. For any given oscillating speed, Ka values decrease 
with increase in R = Qc/Qd values as exemplified by the graphs in 
Fig. 64C. As the oscillating speed is increased, the hold-up for a 
given flow conditions increases thereby increasing the interfacial 
area and the drops population, which in turn causes the value of Ka to 
increase. Conversely increasing the value of R, i.e. reducing Qd for 
a set flow rate of Qc, has the effect of depressing the droplet hold-up, 
resulting in lowering the value of Ka*. The effect of changing R on 
Ka are more marked at higher oscillating speeds, showing much faster 
dispersion rate.
10.5.2. EFFECT OF FLOW RATE, FLO'WRAIIO ON Ka
The effect of flow rate for set flow ratios on Ka are given 
in figs. 34 B & D, 45 B & D, 53 III, 54 IV, 60 C & L, 66 F, and 67 B. 
While the effects of flow ratio on Ka are given in Fig. 64C. For both 
fluid systems, and all the baffle blade perforations used in the present 
study, it was found that Ka values increase in both continuous and 
dispersed phases with increase in flow rate Q, at given speeds. Each 
curve representing a measured speed and Ka increases with oscillating 
speed.
At a constant throughput Qc + Qd = 100 L/hr, it can be seen 
from fig. 64C that as the flow rate ratio increases, so the values of 
Ka decreases. As R is increased, Qjd is reduced, the hold-up decreases, 
and hence a lower droplet interfacial areas are obtained, thereby 
causing Ka value to drop. For a given R, Ka increases with increase in 
speed.
10.5.3. EFFECT OF TYPE OF BAFFLE BLADE PERFORATION ON Ka
The effect of the different types of baffle on Ka is shown in
fig* 53 ill# Ka- increase with increase in flow for a given operating c
speed as expected. For high flow rates i.e. > 30 L/hr, the dia.
hole blade column I, its Ka values appear to increase faster than forc
the other baffles. But at lower flow rates <* 30 L/hr, the mesh baffle 
(column II) appear to have the greatest values of Ka, when the results 
in tables 22, 23 & 25» are compared. Its better mass transfer 
coefficients at low flow rates, shows the mesh baffle approaches the 
’loading1 point faster than the other baffles, taking into consideration 
the added effects of having higher hold-up values. It infact floods 
when attempts are made to operate it at high liquid flow rates.
10.5.4. RELATIONSHIP BETVJEEN HOLD-UP M B  (Ka),
This has been covered under section 10,1.4. La the discussion 
on hold-up, It can be mentioned here is passing that detailed analysis 
can be found there. The net result is increase in hold-up causes 
increase in Ka values, and more dispersed droplets hence increase in 
interfacial area ’a’, ’a1 has been found to increase much faster than
K, hence for increase in Ka values, and increase in *a’ values, the 
tendency is for K values to decrease.
10.5.5. RELATIONSHIP BETWEEN K, Ka, E AND (a)
The details of the behaviour of these variables in the O.B.C. 
appear to be so complicated that the establishment of precise
quantitative relationships between them is not possible at present* An 
attempt is made to given a simple generallised explanation for their 
relation, from our experimental results in the present contactors.
From tables 20, 21 and 44? it can be seen that (as explained in 10.4.2) 
Ec and Ed increase with increase in speed. Also the tables show that 
hold-up increases with increase in speed, hence (a) increase with 
increase in speed. Ka has been shown earlier to increase with increase 
in oscillating speed. As Ka is a product of K and a, and increase in 
Ka may be due to an increase in K and/or a. As it is know that ‘a’ 
increases then whether K increases or even decreases depends very much 
on ’a*. This is not only true algebraically but there is a physical 
basis for this phenomenon related to drop size and back mixing.
Although a decrease in K is detrimental to mass transfer, the advantages 
in an increase in ’a* values may be so beneficial to mass transfer as 
to offset the loss caused by a lower K value. Hence for certain 
operations especially at high oscillating rates, which cause large 
increase in interfacial area, increase longitudinal dispersion may 
not be such a disadvantage as shown in table 44 where Ka^ increases 
with increase in speed, ’a1 increases faster with flow rate and 
oscillating speed, than K decreases.
10.6. INTERFACIAL TENSION lEllSTJREMESFPS
The interfacial properties are markedly affected by the 
presence of distributed solute in the system. The interfacial tension 
between partially immiscible liquids systems as observed in the present 
study, were highest in the absence of distributed acetic acid solute.
The results of the interfacial tension measurements made 
in the present study are shown in the tables 11 and 12, and have 
been plotted in figs. 13 and 14*
The accuracy of the interfacial tension measurement by the 
torsion balance is reasonable. They give an indication of the magnitude
of the change in interfacial tensions with concentration* Some
147unpublished works by Thomas and Ismail on several liquid-liquid
systems (including the fluid systems tested in the present study) using
a modified Andrea’s pendant drop method gave the same results*
88Mc-Ferrin and havision obtained recently graphs (Fig. 10 A & B) for 
the surface tension of di-isopropylamine solution in equilibrium with 
water containing sodium chloride. The similarity between their 
result (Fig. 10B) and the result obtained in this study for the 
M.I. B.IC.-water-acetic acid system (Fig, 14) is striking.
Shown in Figs. 69-77 are the result of change in (HTU) withc
interfacial tension.
The results for the CCL^-water-acetic acid system indicated 
that the HTU decreased exponentially with decrease in interfacial 
tension. But when sectional values of HTU are considered, the 
indications are that the best HTU are obtained as we proceed down the 
contactor.
Smaller drops were obtained at the outlet end of the dispersed 
phase, and here the solute concentration in the dispersed phases were 
at their lowest. From tables 11 & 12 and figs. 13 & 14 this would 
indicate that the interfacial tension against concentration measurement 
at the outlet end (with the lowest concentration values) would show 
highest values of interfacial tension for any given inlet concentration 
values of solute in the dispersed phase. As in all our test the 
transfer of solute was from dispersed into continuous phase,
Although it was apparent that the main action taking place 
was to increase the interfacial area in the contactor down stream 
with reference to the dispered phase, with increase in oscillating 
speed and increase in flow rate, the interfacial tension generally 
shows are increase in this direction, a factor which apparently opposes 
increase in intorfacial area. However since the interfacial tension 
is not the only parameter controlling the production of more drops or
increase in interfacial area, the occurrence only -complioates an 
already complex field..
The oscillating motion of the baffles and their perforations 
assist in the breaking up of the dispersed phase into smaller droplets* 
Visual observation of the cine films confirms this, especially since 
the drops were seen to strain through the perforations and after 
passing through were observed to disintegrated*
A very high interfacial tension leads to the requirement 
of relatively large energy requirements for dispersion of one liquid 
into another. On the other hand, low interfacial tension may lead to 
the formation of stable emulsions. This has been observed in the
O.B.C, Column II when the M.I,B.IC.-water-acetic acid system was tested 
at 150 osc/min with 40 L/hr continuous phase flow and 40 L/hr disperse 
phase flow.
The interfacial tension is inversely related to the aqueous 
phase (Y) concentration (see figs. 69—77)• Therefore as the 
concentration of Y decreases as we move from top to bottom of the 
column, then the surface tension increases. This means that it is 
easier to disperse at the top. But at the top the drops are at first 
larger and the fact that we move towards smaller drops at the bottom 
despite the disadvantage of higher surface tension shows the progressive 
effect of the baffle action as the disperse phase proceeds down the 
column.
It is most interesting to note in figs. 67-77 that there is
a well defined correlation between interfacial tension and HTU forc
a wide range of operating values in the case of CCL^ and M.I.B.K, 
Considering the complexity of the drop size and drop size distribution 
along the column and also the complex nature of the hydraulic and 
mass transfer processes, this is a most interesting result.
10.7. POWER DISSIPATED IN THE O.B.C, AHD R.D.C.,
A plot Up vs (Re) on log-log co-ordinates is commonly called
a power curve. An individual power curve is only true for a particular
geometric configuration, but it is independent of vessel size*
Hence a power curve can be used to correlate the power
measurement in given contactor.
Experimentally it was found that P/ C H^D^ decrease
exponentially with increase in rotor speed, (tables 38-43) but was
virtually unaffected by flow rates for set operating speeds as seen in
tables 36-37. follows that power input per unit mass in both
3 50,B.C, and R.D.C. used in this study is not constant when H D is kept 
constant. Thus it can be concluded that Other factors or some other 
combination of these parameters influence power input for a given 
operation.
A comparison of equation 9.1. with equations 9.10 and 9«H 
show that all the dimensionless numbers are retained in the final 
equations, and from this stand point, it can be said that all the 
variables appear to be relevant. Por scale-up purposes, it follows 
that (on further simplification of either equation 9*10 or 9*11) the
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power input per unit mass is kept constant as long as HD is
kept constant. Thus scale up on a basis of power input per unit mass 
is not exact in our contactors, i.e. to keep P constant, the index 
on D deviates from a whole number.
10.7.1. POWER MBASURMMTT AHD DROP SIZE CALCULATIOH IH THE O.B.C.,
In our power measurement, the Weber number has been found
to be relevant as shown in equations 9*10 and 9*11* A modified Weber
number equation 9*13? deducable from the theory developed by Shinnar 
123 157and Chruch ha.s been applied together with a correction factor
(P in equation 9»13C) to calculate droplet interfacial a,roa in the
O.B.C. Column II. The result is recorded in table 45* The results of
applying equation 9.15 developed by dimensional analysis and regression 
technique on data cf Thomas and Weng (from Column IV - 2j6” high,
3 dia. fitted with -j~u dia. hole baffle blade) are shown in table 44*
A comparison of the results obtained from both equations have been 
found to be idential as shown in table 45• This agreement is 
encouraging and most significant. It lends support to the applicability 
of our derived equation 9.15 for calculating ’a’ and hence K from Ka 
values obtained in the O.B.C. Column II, It is felt that this is a 
meaningful and valuable contribution.
Excessive agitator speed (increase in operating speed 
beyond that necessary for a given operation; hence increase power, 
since our results tables 36-43 show input power increase with increase 
in operating speed) produces finer dispersions which do not coalesce 
in the headers and separators and cause "flooding” which eventually 
induce or preceed reversal of pha.ses within the contactor. This 
phenomenon has been observed especially with M.I.B.K.-H^O-Acetic acid 
flow system. The amount of power input to a particular system without 
producing an emulsion or a flooding condition is a function of the fluid 
properties. The maximum power input also can be expected to differ 
depending on the phase flow rates and the phase dispersed.
1 0 . 8 . COMPARISON OF THE PERFORMANCE OF TEE O.B.C. WITH THE R.D.C.
The performance of the O.B.C, had been shown to compare very
50-53favourably with the values obtained by Thomas and his co-worker
on an R.D.C, It is therefore entirely unnecessary to collect further,
too much data, on the R.D.C. since the objective had previously been
achieved. The present data were necessary to know what the change in
height would contribute to HOT in both contactors.
To compare the performance of both contactors, it is best to
use results with the same chemical system, the same over-all acid
concentration, the same column height and same column diameter.
Details of the contactors investigated in the present study
are given in table 1 and 2 on pages 58 and 59* Strictly the comparison
are relative, since the geometic parameters within the columns are not
exactly similar, although the same column shell was used, e.g. the
stator rings in the O.B.C. are space 6a aparts, while those in the
R.D.C. are spaced 1" apart. The indications are if the stator rings
are increased in the O.B.C, to match those of the R.D.C., the O.B.C
would further out match the R.D.C.
The data (tables 22, 23, 25 and 26) show that the present
columns have extremely high performances compared with conventional
R.D.C. (table 35) at moderate through-put rates. For example, the
HOT of these O.B.C. columns (take table 22, run 32, (HOT) = 14.4 ftc
at 180 osc/min) and the R.D.C. (take table 35, run 127, (HOT) = 11.7ftc
at 1,200 r.p.nu) are of the same order of magnitude, but from the power 
measurement in both contactors (tables 36-43) the power consumption of 
the R.D.C. is 2.2 times those of the O.B.C. for equivalent performance, 
and the R.D.C. tip speed is 13*4 times that of the O.B.C.
The O.B.C, columns are extremely flexible with regard to 
variable through put and oscillating speeds. With regards to scale up
to taller columns or larger column diameters, the O.B.C. columns have 
indicated that no unu s u a l  problems arc present (as in the use of equation 
SM5-9.17 in the present study) and it is thought that the application 
of standard scale up techniques now in use for other contactors will 
be possible.
CHAPTER 11
C O N C L U S I O N
The present experimental contactor follows logically from the 
‘50-55discussions of Thomas et al. Three types of perforated baffle
blades were studied with the same size of stator ring. The tests and 
analysis made on it can be summarised as follows.
(a) Data have been obtained in the present study which
50-52reinforce previous data of Thomas and co-workers for
the equilibrium distribution of acetic acid between carbon
tetra-chloride and water. Equilibrium distribution data
of acetic acid between M.I.B.K. and water has been determined
4-7which compares favourably with data of Vermij ' et al,
New equations (5.13-5*18) expressing acetic acid
distribution have been obtained and could replace previously 
51published equations for the system carbon tetrachloride- 
acetic acid-water. The limits in the equations shown are 
arbitrarily based on the range of the experimental results 
used to determine them by multiple regression technique.
The agreement between experimental data and results 
computed by the equations (tables 8-12) justifies 
recommending the equations for use at the specified ranges 
and temperature.
(b) A method has been employed to account for longitudinal 
dispersion and its effect on the dispersed phase concentration 
values X, corresponding to measured local values of the 
continuous phase Y.
Mass transfer theories have been examined together with 
correlations developed in the present study to calculate the 
piston flow, measured, apparent measured and true performance 
of the contactor base on HTU, HTU, Ka values for both phase.
(c) The droplet size distribution has been examined 
theoretically and empirical correlations have been developed 
to determined their values.
(d) Hydrodynamic parameters for both continuous phase and 
dispersed phase have been examined and using the dye 
injection method, operating longitudinal dispersion 
coefficients have been calculated with the relevant 
equations from text (section 7*3*2),
As a result of the tests performed under similar conditions 
with the proven R.D.C., the O.B.C, has been found to excel it in 
every aspect. The R.D.C, is able only to match its performance when 
operated at speeds 4 times or higher than that of the O.B.C.
The physical properties of the fluid systems studied, i.e. 
density of both phases, interfacial tension, viscosity and interfacial 
area.of the dispersed phase and the baffle oscillating speeds were 
found to bo significant variables which affect the mass transfer 
rate in the O.B.C. The rate appears to depend primarily on the
turbulence in the continuous phase and the surface renewal of the
l
dispered phase.
The hydrodynamic field determines the stable drop size, 
which is independent of injection technique in this contactor.
The failure of many measurements to statisfy the consistency 
test in the inpulse dye inject experiment to determine the mean 
residence time appear to be due to the difficulty of measuring the 
tail of the response accurately. This arose partly because of the 
low concentrations in the tail region and partly due to drift. This
1 o
same difficulty had been experience by Jadbabaie *
Prom the power measurements, a simple design rule has been 
made available which is analogous to the well known rule for single 
phase systems.
A design rule was found for determining droplet size through
the Weber number and developed correlation in this study from the data,
52
of Thomas and Weng . Scale up on the basis of equal power input per
,7VTQ
unit mass is adequate when IT D is kept constant (i.e. from
equations 9*10 and 9*ll)*
The effect of the rate of liquid flow through the O.B.C. on 
the power requirement for a given oscillating speed was too small to 
warrant individual analysis (see tables 35 & 36)* This same effect 
had been detected by Flynn and Treybal^^^ on other types of contactors. 
We therefore conclude that when the contactor was full of liquid, i.e. 
in absence of an air-liquid interface, the power required for a given 
baffle blade speed was independent of the rate of flow of liquid.
On the other hand, with the introduction of the disperse 
phase, there is a small but measureable additional power input (extra 
energy) which accounts for in most cases less than 7c/° total energy 
input as seen in tables 37“43* Hence in order to mix two immiscible 
phase in the O.B.C. a measureable additional energy has been detected, 
as against the general trend found in literature where only total 
power input are recorded.
For the system CCL^-EgO-Acetic acid in the O.B.C. Column IV 
at given oscillating speed and phase flow rates, the droplet size dsv
may be calculated from equations 9*15-9*17 and then the interfacial 
areas, ’a1 from equations 9*13 B & C.
Although the above equations are specific to the O.B.C.
Column IV, the forms of the fuctional relationship of the various 
parameters have been found applicable to the O.B.C. columns investigated 
in the present study.
The correlations developed from the drop study predict mean 
drop size diameter dg^  only at the tip of the baffle blades for which 
they were derived.
MATHER. . WORK
1. The droplet sizes obtained in the present contactor are so 
small the measurement of their absolute values should be a subject of 
sperate study in itself.
2. A much greater number of fluid systems should be examined 
in the O.B.C. to enhance the general usage and acceptability of the 
correlations derived in this study, in which fluid properties are 
included.
3. The performance of the contactor should be examined with
fluid systems in which mass transfer occurs with chemical reaction,
especially 1st order reactions which are irreversible. A comprehensive
list of mass transfer with chemical reaction could be found in
14-9Sherwood and Pigford ^ , It would be interesting to known how this 
contactor performs under these conditions.
4# The baffle blade number could be varied to match variation
in oscillating angles, and hence find optimum baffle blade number 
necessary for a given operation. The blade could be varied thus at 
60° oscillating angle, 3 blades set at 120° apart 
at 30° " ", 6 " » » 60° » , etc.
The indications are that it would be better to increase the number of 
blades, hence reduce operating amplitude, to achieve improved 
preformance for a given operating speed.
N O M E N C L A T U R E
A area under curve
Aav average droplet surface area .
a pulse.amplitude ft/cycle
2 5 2 3a interfacial area per unit volume of column cm /cm ,ft'/ft
al, all activities
B number of baffles (equation 3*67)
B correction factor (equation 2.7)
b parameter defined in' equation 7*53
C concentration of tracer in fluid (dimensionless)
Co initial concentraction of tracer in fluid (dimensionless)
Ci concentration of tracer in the exit stream of the
individual, phase under investigation 
C-^  drag coefficient
C^ dimensionless constant
C^ parameter in equation 2.4
d ' drop diameter
D, column diameter ft
Dp diameter of plate holes ft
dsv surface-volume diameter ft
Dr, Di rotor or impeller diameter ft
Dt number of sections in the contactor
Dv diffusivity of solute in dispersed phase sq.ft/hr.
d ^  volume-surface mean or sauter mean drop diameter, ft
d^Qj <^q, drop diameter corresponding to 90th, 50th, and 10th
percentiles of cumulative volume frequency distribution 
E longitudinal dispersion coefficient L /T
P frequency of drop size
" pulse, cycles/hr
F parameter defined in equation 7*54 •
F(t) fraction of material in outflow which has been in system for
a time less than t 
g acceleration due to gravity ft/hr.hr., cm/sec.sec.
G(t) distribution function for residence times t
H,L effective height of the extraction column ft
h distance along the active column from the base, cm, ft.
h plate spacing ft
hold-back equation 3*9 
liquid height equation 3*67 
hi impeller height ” ”
HTU height of transfer unit, cm, ft
k m3.ss transfer coefficient ft/sec
ka M " " overall, sec"*^
m solute distribution coefficient
N rate of mass transfer, dn/dt; oscillating baffle speed (osc/min)
ISL reference number for impeller
2Jb " " " baffles
n number of drops of a particular size
N.T.U* number of transfer units
' 2 3p power ft. lb/sec; ft (lb force)/sec; lb ft /sec
Pi impeller blade pitch equation 3*67
Psk function of droplet diameter, dimensionless
Q volumetric flow rate of liquid, L/hr, ft^/hr
q oscillating amplitude, ft/oscillation
q impeller blade width equation 3*67
R volumetric flow rate ratio1, Qc/Qd, (Uc/Ud), number of blades
on the impeller 
r impeller blade length
* P Total power.
2cross sectional area of the column ft~ 
sampling points at 6" interval along active column 
time; measured from time of injection of tracer into the 
flowing fluid (t), time interval, residence time or "age” 
vL/V the average flow velocity 
drop terminal or characteristic velocity 
j flow velocity of .the phase, superficial velocity ft/sec.
volumetric fluid flow rate (L^/T) 
volume of an experimental section
fa/<£: ft/hr, a = pulse amplitude ft/cycle, f = frequence/ 
cycles/hr
qN ft/hr, q = ft/oscillation
concentration parameter defined by equation 7*69 
solute content in the dispersed phase g/L, lb/ft^
■ concentration parameter defined in equation rJ,rJO 
solute content in.the continuous phase g/L, lb/ft^ 
dimensionless length (h/li) of active column
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fractional free space per plate, power input per unit 
mass = It 1? 
fractional hold-up 
p power number
fraction of solute extracted • 
dimensionless constant or skewness parameter 
chemical potentials in Chapter 5 
efficiency
Z the variance of distribution in C-curve (dimensionless)
( \2 2 
I  0-2. variance of the tirae-concentration curve (T )
W
shear stress
e density g/cc, lb/ft^
o
<
viscosity c*p,, lb/ft-hr 
interfacial tension• dynes/cm, lb/hr
d surface tension "
Rp= P p/(f Pov/er number
It-rrFt R^D  ^Proude number (Pr)
g
Re PRD^ Reynolds number (Re) 11
Nwe
ClT^D^ Weber number (we) 
*
Pe TJL/^ > E corrected Peclet number (dimensionless)
B/UL reciprocal of Peclet number (dimensionless)
vt/V reduced time (dimensionless)
osc/min oscillation per minute
r.p.m. revolutions per minute
Subscripts
b,o bottom of whole column max maximum
c continuous phase min minimum
d dispersed phase 1-9 sampling
e * equilibrium
E Extract phase
F Peed
H,t,T top of whole column
m measured value
P piston flow model
r real
R raffinate phase
s solvent
T,t true performance values
app.m apparent measured values
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BTSTRTflENTS CALIBRATION
I.A. BOTMETSR:  ^ •-
The water rotameter was calibrated by collecting liquids in a
graduated cylinder over timed interval (5 rains.) and recorded volume
plotted on the same graph provided by the manufacturers (Fig. 17)®
Similar experiment was performed on the organic fluids rotameter, but
since this meter had been calibrated by the manufacturers, a calibration
curve was obtained.by plotting the liquid-flow rate against meter reading
(Fig. 18). Both rotameters were checked regularly for consistency.
I.B. KOPP SPEED VARIATOR?•
The driving motor was allowed to run for a reasonable length of 
time (20 mins.) to allow it to warm up and eliminate any fluctuation in 
speed which might be due to start up. A tsnhometer was used to measure 
the spindle speed against the reference index fitted on the Kopp speed 
variator, with each speed found to correspond to a definite index number.
A calibration curve was obtained. For each set speed read off this curve, 
it was re-checked with a tachometer for confirmation purpose, and detect 
any break-down in the index meter.
I.C. ABSORPTIOIHTillRi
The absorptiometer was calibrated as instructed by the 
manufacturers. The instrument is subject to a slow drift of the order of 
2°/o over a period of 8 hours, and for this reason the instrument is re-3et 
daily.
V/hen in use, the reference cell is filled with water (or carbon 
tetrachloride) and a neutral density filter of equivalent optical density 
is used in conjunction with the reference cell. The "set zero" control on * 
the instrument panel is adjusted to give zero reading on the recorder.-
For setting* "Full scale" the reference cell is unaltered. The 
sample cell is. now-filled with the dye water (or carbon tetrachloride) 
of maximum dye concentration (5 gm/litre solution). The "Set Full Scale" 
control is adjusted to give the recorder a full-scale deflection of 5 
millivolts or 1 microamp.
In the impulse dye-injection run, the spreading tracer concentration 
is detected by the Absorptiometer at the outlet end of the test phase and 
recorded on chart moving at.10 sees, over each division, and provided 
a response of time concentration curve. Two typical recording charts 
are shown under record of experimental technique (chapter 6).
•
T.D. TORSION BALANCE FOR TNTERFACIAL AND SURFACE TENSION MEASURM1ENT?
This Torsion Balance is designed for the measurement of the 
Surface Tension and the Interfacial Tension of liquids, using a platinum 
ring or a glass test pla/te. It is calibrated from 0 - 0,12 Newtons per 
metre, with 240 equal divisions. 1 Nev/ton per metre is the equivalent of 
1,000 Dynes per centimetre.
SETTING UP THE BALANCE
Select a firm flat surface where the dial may be viewed accurately 
and in comfort. Level the balance by means of the knurled screws in the 
base, so that the bubble in the spirit level is exactly in the centre.
With the beam clamped, lower the transparent cover protecting the beam 
hook and attach the appropriate extension hook to the beam. Raise the 
protective cover so that the lower end of the extension hook is visible 
in the hole at the bottom of the protective cover and attach to it either 
the platinum ring or the glass test plate, as is appropriate.
TO UNLOCK THE BALANCE BEAM
Rotate the knurled disc (A) situated above the beam hook protecting 
cover in a direction contrary to the arrow marked "CLAMP".
CHECKING ZERO
Using the ebonite handle, rotate the large index pointer (B) until 
it is set accurately at zero. Unlock the balance beam, as described.
The small beam pointer (C) on the right hand side of the dial should then 
be at the zero point in the centre of the short beam scale. Should this 
not be so, then the balance can be reset to zero by means of the knurled 
"ZERO ADJUSTER" knob at the rear of the balance case* The balance is 
now ready for use.
APPENDIX II ’
17/22/32 2O/O4/7O COMPILED BY XALE MK. 3
STATEMENT .
0 1SENDfO! (ED, SEMICOMPILED,.ZZZZ)
0 .‘WORK1 (ED,COMPWORKPILE)
0 ’LIBRARY’ (ED,SUBGROUPSRA 3.SUBROUTINES)
0 ‘PROGRAM’ (SSSS)
0 'SPACE' 100
0 'TRACE' 2
0 ‘BEGIN’ SELECTINPUT (3); SELSCTOUTFUT(O) ,*
4 ‘.BEGIN’
4 'REAL* A0,A1,B1,B2,B3,B4,B5,N,C,D,X,Y;
4 ‘INTEGER’'I,J,K;
5 Y/RITETEXT (’ (‘ EQUILIBHIUl^^LIN^^SQUATION
6 ^^LEAST^^QUARES^^OLYNOMAL^/^IT’ )1 );
7 BEWLINE(2);
8 K: = 1; ,
9 Ll: N:=READ;
10 ‘IP’ N-0.0 ‘THEN’ ‘GOTO’ L2;
11 Bl: = B2: = B3: - B4: = B5: = 0.0;
. 12 ‘FOR’ I:=l ‘STEP’ 1 ‘UNTIL’ N ‘DO’
13 'BEGIN' •
13 X:=READ; Y:-READ;
16 C:=IjN(x ) ;
17 D:=LN(y )
18 Bl: =Bl*f-C;
19 B2:=B2+D;
20 B3 B3:=B3+C f 2;
21 B4:=B4+(ax-D);
22 AO:«((B2^B3)-(Bl*B4))/((Nx-B3)-(Bl 42)));
25 Als=((N*B4)-(Bl*B2))/((N*B5)-(Blt2));
24 B5:=EXP(A0);
25 ’END*;
26 PRIFf(K,2,l); PRINT(B5,3,4);
28 PHINT ( A1,2,4 )  > f
29 K:=K+1;
30 'GOTO’ LI5
31 L2: 1 END*;
32 ’END1;
NO OP BUCKETS USED 8 
COMPILED j^SSSS EC
Equilibrium line equation of H.I.B.K.-H^O-HOAC System
Applying regression technique to obtain equation of form
y = b x (i)
i.e. The regression of y on x
The regression line is not simply any straight line but one that 
is fitted to the paired (x,y) values in a particular way.
The equation (i) of the line is called a regression equation,, 
and (b) is found by obtaining
y
r 22- x
(t) is called the regression coefficient of y on x.
Computer Programme
■’BEGIN'
'REAL1 A,B,C,XfY;
‘INTEGER’ I,J,lv;
K;=l;
LI: N:= READ;
’IP’ N=0 ’THEN’ ’GOTO’ L2 
A:=B:=C:=0;
’FOR’ I:=l ’STEP’ 1 ’UNTIL' N ’DO'
’BEGIN’ Y:=READ; X:=READ;
C:=C+(X*Y); B:=B+(X*X);
‘END’; A:= C/B; PHINT(K,2,l); PRINT(A,2,4); K:~K+1; ’GOTO' LI;
L2: ’END’; ’END';
APPENDIX I3T
17/45/22 COMPILED BY XALE MK. 50
STATEMENT
0 ’LIST’(LP,47)
0 'SENDTO* (ED, QA COMP,»ZZZZ)
0 ’WORK’ (ED, QA WORK)
O ' ’COMPACT DATA’
0
0 ’’PROGRAM1 (USER)
0 • ’INPUT’ 3 = CRO
0 ’OUTPUT’ 0 = LPO, 45
0 ’OUTPUT’ 2 = LPa, 45
0 ’SPACE’ 100
0 ’TRACE’ 2
0 . ’BEGIN’ SELECT INPUT (3); SELECT OUTPUT (0);
4
4 ’COMMENT1 •****-. INFUT PROM DOC SOURCE ****
4
4 ’BEGIN’
4 ’PROCEDURE’ POINT 1 (AP, BB, N,J);
5 ’REAL’ J: ’INTEGER1 N;
7 ’ARRAY’ AP,BB;
8 ’BEGIN’
8 ’REAL’ PM,W,A0,A1,B1,B2,B3,B4,B5,C,D;
8 ’INTEGER’ I,K;
9 Bl:=B2:=B3:=B4 s =B5:=0;
11 ’POR’ I:=l ’STEP’ 1 ’UNTIL’ N ’DO’
12 ’BEGIN’ '
12 Ci=LN(BB(7i J ); D:=LN(AP Cl] );
15 B1:«B1+C; B2:=B2*D;
17 B3i=B3^ C 2; ' B4:«B4+(C«D);
19 ‘END’;
20 A0:=( (B2^D3) - (BMB4))/((9&B5)“(Blt 2));'
21 Al:=((9^4)-(Bl^B2))/((9^B5)-(Blf 2));
22 B5:=EXP(A0);:
23 V/: =BB Cl] J J:=(BB C9l -BB Cl] )/8;
25 ’POR’ K:=l ’STEP’ 1 ’UNTIL* N ’DO’
26 ’BEGIN’
26 BB [k] :=W*(K-l)&T;
28 AP Ck] :*=B5#BB [k] t Al;
29 ’END*;
30 B1:=J/3^((AP (.I] *APC9l )*4tf(AP C^] *AP [4] *AP[6] *AP [8] )
30 AP [f] *AP [f] + AP.Q7] ));
31 NTUCM:=PM; HTUCM:=4/PM; KACM:=»UC/4;
34 ’END’; ■ *
34 ’PROCEDURE* POINT 2 (SP,FF,N,Y,);
36 ' ’REAL’ Y; ’INTEGER’ N;
38 ’ARRAY* SP,FF;
39 ’BEGIN’ - •
39 ’ ’REAL* E0,E1,F1,F2,F3,F4,E5,R,M;
39 ’REAL’ Z,QM;
40 ’INTEGER’ I,T;
41 F1:=F2:=F3:=F4L=F5:=0;
43 ’POR’ I:*sl ’STEP* 1 ’UNTIL’ N ’DO’
44 ’BEGIN’
44 R:=LN|pP C.l] )> M:=LN(SPCl] )?
47 P1:=F1*R; F2:»F2*M;
49 P3:=P3^R^2; F4:=P4f-(fkKE);
51 ’END’;
52 EO:=((P2^P3) - (Pl^P4))/((9»iP3)~(Plf 2));
53 El:=((9^4)“(F1^2))/((9i^3)~(Fl^ 2));
54 P5:=EXP(E0);
55 Z:=PP [l] ; V:=(FP[9l “EE [l] )/8;
57 . ’FOR’ T:=l ’STEP’ 1 ’UNTIL’ N ’DO’
58 ’BEGIN’
58 PP fp] :=Z* (T-l)^Y;
60 SP CT] :=F5$FF 0 3  ^ El;
61 ’END*
62 QM:s=Y/5&( (SP P-3 *SP £?] ) ^ ( S P  C.2] +SP C4] ^ SP [6] 4SP [8 ] K
62 2t&(SP [j] *SP C5] r^ SP [7] ));■■
63 NTUDM:=QM; HTUDM:=4/QM; KADM:=QM&UD/4;
66 . ’END’;
66 ’REAL’ SD, JC, YD, NTU CM, HTU CM, KACM, NTUDM, HTUDM, KADM;
67 ’REAL’ UC,UD,HOLDUP;
68 ’ INTEGER' I,N,RN;
69 ’ARRAY’ X,Y,XE,YE,XX,YY[JL:9] ;
70 RN: «=1;
72 WRITETEXT ( » ( ’ lWSURED^^I^ICIMCEIES^^^d/teSH, '$BAFFLE$6
72 O.B.C.#^’)’);
73 NEWLINE (2);
74 WRITETEXT ( ' ( 1 #SYSTMW¥CCL4?V/ATER?H0A^ • )');
75. NEV/LINE (2); "
76 LI: N:=READ;
77 ‘IP* N«0 ’THEN-1 1 GOTO1 L2; f
78 SD:»READ;
79 UC:=READ; UD:=READ;
81 HOLDUP :=READ; *
82 ‘FOR' I:«l ’STEP' 1 •UNTIL* ■ N ’DO’
83 * BEGIN*. X ra  :=READ; y m  :=READ;
86 XE [I] :«(Y Cll/53.57)t le67;
• 87 YE [i] :=53.57^Lll t 0.6|
88 YY p ]  !~i/(ye Ci] -Y Cl] ); XX C d  1=1/(x C d  -xe C i l );
90 ‘END*; . ‘
91 WRITETEXT ( * ( »R U N $ ^ P E E l # # U ( # $ ^
91 ^ c ^ c i f  1) ’);
92 NEWLINE(2);
93 VD:=(X C9l -X[l] )/8;
94 JC: = (YC9l ~YCl3)/8?
95 POINTl(YY,Y,N,JC); P0INT2(XX,X,N,VD);
97 print(r n ,3,i );
98 PRINT(SD,3,l);
99 PRINT(UC,1,5)» • PRINT(UD,1,5);
101 PRINT(NTUCM,1,3)5 PRINT(HTUCM,3,1); PRINT(KACM,0,2);
104 PRINT(NTUDM,1,2); PRINT(HTUDM,1,2); PRINT(KADM,0,2);
107 NEWL INE(3);
108 WRITETEXT('* ( ^ W W W W W ^ O J J W W ^ W ^ ' ) *) 5
109 PRINT (HOLDUP, 1,4)-;
110 NEWLINE(3);
111 V/RITETEXT (’ (»/#/ 4 W / # C 0 N C M ^  *)*)}
112 NEWLINE(2);
113 V/RITETEXT(1 ( ,5^REAL#Y* ) ' );
114 'FOR* I:sal 'STEP1 1 'UNTIL* 9 ’DO'
115 ’BEGIN' PRINT(Y d T  ,2,3);
117 SPACE(4); ’END’; NEv/LINE(2);
120 V/RITETEXT(*(»REAL#9&’)’)j.
121 ’FOR’ I: -1 ’STEP’ 1 *UNTIL'  ^ ’DO’
122 ’BEGIN’ PRINT(X Cl] ,2,3);
124 SPACE(4); 'END'; NEWLINE(2);
127 RN: ssRN+1;
128 NEV/L IN(2);
129 ’GOTO1 LIj
130 • L2; ’END’;
131 ‘END’; , :
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COMPILED
17/39/17 ' 18/10/71 COi-EPILSD 3Y XALE MK. 50
STATMENT
0 •LIST1 (LP,47)
0 1 LIBRARY' (ED, SUBGR0UPSRA3,SUBROUTINES)
0 ‘LIBRARY1 (ED,SUBGR0UPSRF7,SUBROUTINES)
0 ’ SENDTO ’ ( ED, QA, COi IP,. ZZZZ )
0 ‘WORK1 (ED,Q;A WORK)
0 * COMPACT DATA’ .
0 1 PROGRAM' (USER)
0 •INPUT‘ 3^CR0
0 ‘OUTPUT’ 0=LP0,45
0 •OUTPUT’ 2=LP2,45
0 ’SPACE’ 100
0 ‘TRACE’ 2
0 .’BEGIN' SELECTINPUT (3); SELECTOUTPUT (0);
4 'COMMENT' **** INPUT FROM DOC' SOURCE ****'■
4 ' ’BEGIN'
4 'PROCEDURE' P4S0LVE(TA,TB,TN,TNA,TUB,IN,TD,ID,
5 ‘VALUE’ TN,TNA,TB,IN;
6 'INTEGER' TN,TNA,TUB,IN,ID,IT; ,
7 'REAL' TD;
8 ’ARRAY’ TA,TB,RSINT;
9 'EXTERNAL'; •
9 ’REAL' TD;
10 '.REAL' P,Q; 'INTEGER' I,J,N,RN,TN;
12 'INTEGER' ID,IT;
13 'REAL' AA,BB,CC,DD,EE,FF,GGA,GGB,EC,ED;
14 1 REAL' UC, UD, NTUCT, HTUCT, KACT, NTlIDT, HTUDT, KADT
15 'REAL' A,B,C,D,A1,B1,C1,D1;
16 ’A i M Y ’ X,Y,XE,YE,XT,XTF: [l:10] ;
17 ■‘'ARRAY' EACT,EADT,SHTUC,SHTUD [i:8] ;
18 'ARRAY' TA [l:49l >TB [1:7*3 ,REINT [l:l3 J
19 - RN:=1;
21 WRITETEXT ( ’ ( ’
21 O.B.C.$$')');
22 NEWLINE(2); . . .
23 V/RITETEXT ( ' ( f^ /^YSTM^§6CARBOir^^rETACIILORiDB/o^^/ATER^/5o'
23 ACETIC^kCID’)'); . f
24 NEWLINE(2);
25 WRITETEX3?( * (‘^ ^CONCJilWRACTIOH^^PROPILB1)');
26 NEWLINE(2);
27 LI:. N:«READ;
28 TN:==READ;
29 'IP* N=0 ’THEN1 ’GOTO1 L2;
30 SDj=READ; UC:=READ; UD:=READ; •
33 EC: =READ.; ED:==READ;
95 Xtll .SPREAD; X[£3:=*READ; X[iq} :=READ;
38 ’FOR’ I’:=l ’STEP’ 1 ’UNTIL' 10 ’DO’
39 Y[l]:=READ; .
40 ''FOR' I:=l ’STEP’ 1 'UNTIL' 9 'DO*
41' ’BEGIN'
41 AA:=4'X'E0 -.-UC; BB:=8*EC; CC:==4*EC + UC;
45 • DD:=UD - 4*ED; EE:=8*ED; FF:=UD + 4*ED;
48 GGA: -AIX'Y D 1 ~bbx'YC2"1 +cc*y G 33 ;
49 TB Gil GGA-FF+X [ll ;
50 GGB: =AA*Y G 7l -BB*Y £ 8l + CC*Y G 93 J \
51 TB G7l :=-GGB+DD*X [9l ?
52 .’FOR’ J:=2 ’STEP’ 1 ’UNTIL’ 6 ’DO’
53 ’BEGIN* TB G j I :=-(AA+Y{j-f[ -BB+y Gj] +CC+Y (j+ll );
55 ’END’;
• 56 TAGi]:=TA[9]:=TA[l73.i-TA £253 :=TA [331 :=TA [41"! :=TA(49] :=-EE;
57 TAG2]: =TAGlO] : =TA £l8] : =TA [26] : =TA [34] : =TA @ 2] :=FF; ■
58 TAtQl :=TA[l63 :=TA[24] :-TA[j2] :=TA[40l :=TA[483 :=-DD;.
59 TA[3]:=TA[4l:=TA[5l :=TA(6]:==TA£7}:=TA£ll3 :=TA[l2] :=TAQ.3 :=Ta [i3  :«0;
60 TA£l5 :=TA[l9l :-~--TA[20l :«TA[2l] j=TA[23 s=TA ^ 3] :=TA\2f] :=TA\28l : =0;
61 TAg93-TAG50]:=TA[3l] :=TA [35I :=TA[)6] :=TA -TA^s] :=TA ^ 3  :==0;
62 TAj43]-=TAG44l:=TA[45i:-TAG}.6]:=TA[473:=0;
63 ’END’;
64 F4S0LVE(TA,TB,7,49,7,1,TD,ID,IT,RGINT);
65 V/RITETEXT (’ (’ RJAL^ /^bY ’ ) ’ ) ;
66 ’FOR’ I:=l ’STEP’ 1 ’UNTIL’ 10 ’DO’
67 ’BEGIN’ PRINT(yGi] ,2,3);
69 SPACE(2); ’END’; NEV/LI1iE(2) ;
72 V/RITETEXT (’ (’REAL/^xX’) ’);
73 phint(x CQ,2,3); ' .
74 ’FOR' J:=2 ’STEP’ 1 ’UNTIL' 8 ’DO' .
75 ’BEGIN' X[j3i=TB5-i] ; PRBir(x\j3?2,3);
78 SPACE(2); ’END';
80 PRINT(X[9] ,2,3)? SPACE(2); PRINT(X^.o] ,2,3); NEWLINE(2)
84 ’FOR* I:=l 'STEP5 i ’UNTIL' 10 ’DO'
85 'BEGIN'
85 XE 1 :=(Y[l]/53.57)t 1.67; Ye[i3:=53.57*xCi3 fo.6;
88 ’END' ;
89 P:=((x Ql1 '  + x [9 3  - XEfr] - xe(93) +.
89 4*(X[?3 + x [ 4 l  + x[6~3 + X g ]  -
89 XE[2] - XE[43 - XE[6l XE[s3) +
89 2*(xQQ ■+ X K I  + x[j3 - XE
89 x e O G  - xe[73))/24;
90 Q: = ((YE£l] + y e [93 - y [i3 - y [93) +
90 4* (YE [23  + YE [4 3  + YEG6 3  + YE [8 3  -  Y ®  ■ *
90 -  YC63 -  Y[8] )  +
90 2*(YE\)3 + YE[53 + YE[7] -  Y[33 -  Y lJ I  -
91 NTUCT: = (Y[9]-Y[i])/Q:
92 HTUCT: =4/NTUG1T;
93 NTUDT:=(x[93-x[i3)/P;
94 ITTUDT:=4/NTUDT;
95 KACrT: = )NTUCT-xUC)/4; KADT: -  (NTUDT*UD)/4;
97 WRITETEXT («(’ ^ ^ N ^ ^ P E E D ; ^ 4 i J C ^ ^ D /:X4^GT7^^0TU CT
97 ) *);
98 NEWLINE(2);
99 PRINT(RN,3,i); •
100 PRINT(SD,3,l);
101 PRINT (UC, 1,5) ? PRINT'(UD,1,5);
103 PRINT(NT[JCT,1,3); print(htuct,3,1); print(kact,o,2);
106 PRINT(NTUDT,1,2); PRINT (HTUDT,1,2); PRINT (KADT,0,2);
109 PRINT(EC,1,7); '
110 PRINT (.ED, 1,7 );
111 NEV/LINE(2);
112 'FOR' I: --1 'STEP' 1 'UNTIL' 8 'DO’
113 ’BEGIN'
113 EACT (YJ: “ ( (UC* (YE [1+3 +YE [ij -Y [1+3 -Y [ Y ] M y [l+3 -Y[l]))
114 /(YE [i+l] ~Y tj+l] )':
115 SHTUG (11! =UC/SACT Jl] ;
116 'EilD'j
117 A1;=0;
118 ’FOR’ I:*=1 ’STEP’ 1 ’UNTIL’ 8 ' 'DO*
.119 • ’BEGIN’
119 A1:=A1 + EACTQfj;
121 A:=Al/KAGT;
122 ’END’; i
123 Bl:=0;
124 ‘FOR’ I:=l ’STEP’ 1 .’UNTIL*. 8 ’DO’
125 ’BEGIN' « .
125 . Bl:=Bj+SHTUC[l3;
127 B:=Bl/HTUCT;
128 'END';
129 ’FOR’ I:=l ’STEP’ 1 ’UNTIL* • 8 ’DO’
130 ’BEGIN’
130 E A D T G l l ^ / C U N K x g + ^ - X E & ^ + X & l - X s H ^ C X ^ l l - X ® ) )
151 /(xGi+il -XEg+il )^ ‘(x[i]-XsQf]) ) 5
132 SNTUDGC : =UD/EADT Q Q ;
133 ’END’;
134 Cl:—0 5 .
135 ’FOR’ l:=l ’STEP' 1 ’UNTIL’ 8 'DO'
136 'BEGIN'
136 Cl:=CB!IAIXD[Yj;
138 G:=Cl/KADT;
139 'END';
140 D1:=0;
14-1 'FOR' I:=l ’STEP* 1 * UNTIL' 8 ’DO''
142 'BEGIN'
142 D1:=D1+SETUD[i];
144 D:ADl/BTUDT;
145 ,’BND';
146 WRITETEXT ( ’ ( ' SECTIONAIA^XACT;^bVALUES * ) ' ) ;
147 ’FOR' I:=l ’STEP' 1 'UNTIL' 8 ’DO'
148 'BEGIN' PRINT(EACT[jl/A,0,2);
150 ' SPA0E(2); 'END'; NEWLINE(2);
153 WRITETEXT( ' ( ' SECTIONAL^^CT^oVALUES' )');
154 ’FOR’ I:«l 'STEP' 1 'UNTIL' 8 'DO'
155 'BEGIN' HaNT(SHTUC[l3/B,2,4);
157 SPA0E(2); 'END'; NEv/LINE(2);
160 WRITETEXT(' (' SECTIONAL^>^ICADT^^V/iLUES')1 );
161 'FOR' I:=l ’STEP' 1 'UNTIL' 8 ’DO’
162 'BEGIN' PRINT(EADTgl/C, 0,2 ) ;
164 . SPACE(2); 'END'; NEWLI1TE(2);
167 WRITETEXT( * (' SECTIONAL^tom^VALUiiJS *)*);
168 'FOR' I:=l ’STEP' 1 'UNTIL' 8 'DO'
169 'BEGIN’ mNT(SHTUDgl/D,2,4);
171 SPACE(2); «END*; NSWLINE(2);
174 RN:==RN+1; ,
175 NEWLINE(2);
176 'GOTO' LI;
177 L2: ’END''; m
178- 'END';
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APPENDIX
15/38/05 07/09/71 COMPILED BY XALE MK. 5C
STATEMENT
0 ’list’(l p,47)
0 *SENDTO! (ED,QA COMP,.ZZZZ)
0 ‘WORK’ (ED,QA V/ORK)
0 ’ PROGRAM.1 (USER)
0 1INPUT1 5=CRO • •
0 'OUTPUT* 0=LP0y45
0 ’OUTPUT’ 2=LP2,45
0 ’SPACE* 100 ■'
0 -’TRACE* 2
0 ’BEGIN’ SELECTINPUT (3); SELECTOUTPUT(O);
4 * COMMENT» **** INPUT PROM DOC SOURCE **** ;
4 ’BEGIN*
4 • ’REAL’ UC-,UD,A,B,HHJC,SD,C,D^E,P,G,H,J,K,L,M,P;-
4 ’INTEGER’ I,N,RN; RN:=1;
7 WRITETEXT( ’ ( ’BPPICIENCIES^^P^/0.B.C.~CCL4/^SYSTEM
7 1/ 4DIA/^/^SING/;^EQUATI0N9 • 16 ) *.);
8 NEWL1NE(2);
9 LI: N:=READ; «IF’ N=0 ’THEN’ 'GOTO* L2;
11 SD:~READ; UC:=READ; UD:=READ; B:=READ;
15 ’BEGIN'
15 C:=(UC*3600) f 0.539; D:=(0.25)f0.317; E:=(0.5)f 0.683;
19 P? = (10 15^8.56) f 0.097; G: = (37.18) f 1.04; H:=(6.39*10 ^  (..
22 fo.865; J:=(SD*18.65/0.262)f 0.434; K:=(l/48)f0.454;
24 Ls=(99.6) f 2.34; M:=(2.13)f 3-27; P:=(U1>*3600)f 0.636;
27 HTUC:'«(C*D^E*F*G)/(H*J*K*L*I^P).;
28 A:=B/HTUC; '
29 ’END’;
30 \ACTErEXT('('/^^^N^^fePEED^^UC^l^UD^;^UC
30 fsftf&fo/jffiak' ) ’ ;
51 NEV/LINE(2); J V
32 PRINT (C,3,3); PRINT(D,3,3);‘ print(e,3,3); PRINT(P,3,3);
36 • PRINT (G,3,3,); PRINT(H,3j3)5 PRINT(J,3,3); PRINT(K,3,3)>
40 PRINT (L,3,3); PRINT(M,3»3) 5 PRINT(P,3,3) J PRINTCRN^ ,l)
44 PRINT(SD,3,l); PRINT(UC,3,3); PRINT(UD,3,3);
47' print(htuc,3 5 3); print(b,3»3); print(a,3,3); ‘
50 NEWLINE(2);
51 RN:=RN+1; NEV/LINE(2); ’GOTO’ LI; L2; ’END’;
56 NEWLINE(2); ’END’;
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T A B L E  3
E quilibrium  d is trib u tio n  of ace tic  ac id  betw een w a te r and 
carb o n  te t r a c h lo r id e .
P re s e n t  experim ental r e s u lts
X 0 .096 0 .1 8 0 .2 6 4 0 .4 2 0 .7 2 0 .9 0 .9 3 1 .4 4
Y 5 .9 2 0 .4 J.9 .7 29 .58 41 .28 52 .6 54 .15 7 2 .5
X 3 .4 8 3 .55 4 .5 4 .5 4 5 .3 4 5 .4 3 6 .1 2 6 .6 5
Y 122 124.28 140 ‘ 143.31 152 .3  ■ 158.98 170.1 178.81
X 7 .2 8 .5 9 .9 11 .2 12 .0 18 .2 23 .30
Y 189.0 203 .2
•
227.1 241.89 2 5 2 .3 - 318 .6 369.99
Thomas &• Weng* s46,52 3 3 ^
X 0 .0 8 0 .1 8 0 .4 4 0 .9 3 1 .45 2 .2 3 2 .9 8 3 .5 5
Y 13.76 2 2 .04 37 .05  ' 57 .15 73 .96 94 .92 11.029 124.28
X 4 .5 4 5 .4 3 6 .6 5 11.20 17.81 23 .29 32 .70
Y 143.31 158.98 178.81 241.89 316.89 369.79 450 .20
Thomas & Chuifs51 Data
X 0 .5 2 0 .2 3 0 .8 1 .75 4 .0 0 5 .90 7 .5 0 10 .30
Y 13.40 24 .50 59 .00 79 .50 122.00 162.50 206 .00 246 .00
X 14.30 16.80 21 .25 28 .30
Y 263.00 317.50 368.00 399.20
Lev/is 1 Data
X 0 .1 2 0 .1 8 0 .4 2 0 .6 5 0 .8 8 1 .92 2 .3 5 7 .0
Y 8 19.5 3 0 .0 3 8 .5 4 8 .5 8 6 .5 9 6 .5 191 .0
X 8 .5 8 .6 14 15 .5 27 29 2 9 .5 3 0 .0
Y 202 .0 223 .0 286 .0 331 .5 4 0 9 .5 419 .0 4 2 0 .0 4 2 7 .5
X 32.5 32.5 37.5 40.5 45 45 47
y 445.0 446.5 467.0 475.0 500.5 507.0 515*0
X, Y = acid  content in  g/L, d isperse and continuous phases resp ec tiv e ly .
■ T A B L E '  4 
Equilibrium distribution of acetic acid between water 
and methyl ISO - Butyl ketone, •
results
X 0 0.5 1.5 1.9 3.72 3 4 . ; 6.7
Y 0 0.9 2.75 3.75 ■ 7.5 8 12.5
X 6.84 10,08 12.5 17.34 22.56 35.64 55.8
Y 15.92 20.82 25.5 .33.6 42.96 64.08 92.4
Germi.i and Kramer's Data at 20°C
X 0. 10 20 30 40
Y 0 20 58.5 55.8 71.4
X, Y are in gm/Litre.
T A B L E  5
Present experimental result of Interfacial Tension of Water-Acetic 
acid-carbon tetrachloride at (20°c) '
Equilibrium Concentration - Interfacial tension
acetic acid dyne/cm ■
gm/Litre
Water phase CCL4 phase
5.9 0.096 30,5
19.7 0.264 21.9
29.58 0.42 19,9
41.28 0.72 I5.9
0 0 42
T A B L E  6
M.I.B.K. Phase
0 0 10,2
■0.9 0.5 6,6
2.75 1.5 -7.4
5.75 1.9 8.2
8 4 8.4
12.5 6.7 6.7
25.5 12.5 6
TABLE 7
2D im ensionless V ariance  CT~ and P e c le t Number
F o r  c lo sed  ch an n e ls , the v a ria n ce  is  given by
or 2= 2 _  / P e . i + e -Pe)
P e  .
TABLE
P e  0 .1  0 .2  0 .5  1 2 3 4
2 0 .968  0 .9 3  0 .8 5  0 .736  0 .5 6 3  0 .4 6  0 .3 8
P e  5 6 7 8 9 10 15
2 0 .3 2  0 .2 7 8  0 .2 4 5  0 .2 1 8  0 .1975  0 .1 8  0 .1246  i
P e  20 25 30 40 50 60 70 '
. 2 0 .0 9 5  0 .0 7 7  0 .0645  0 .04875  0 .0392  0 .0328  0 .0282
j;-
P e  90 100 200 300 400 500
2 0 .0 2 2  0 .0198  0 .00995  0 .00664  0 .00499  0 .0 0 4
TABLE 8
Simple Equilibrium line equation
Ye ■= 53.57x0,6 . 5.13.
X experimental Y experimental Y Calculated Difference1o
0.18 20.4 19.15 - 6
. 0.9 52.6 50.29 -4.36
0.93 54.15 51.29 - 5.27
1.44 72.5 66.67 - 7
2.52 91 93.27 + 2.5
3.12 105 106 >  0.953
3.48 122 115.2 - 5.7
3.55 ' 124.28 114.6 - 8
4.5 140 132 - 5.7
4.54 143.3 132.79 - 3.5
5.34 152.3 146.36 -3.94
5.43 158.98 . 147.84 - 6.9
6.12 170.1 158.8 - 6.5
6.65 178.8 166.96 ~ 6.1
7.2 189 175 - 7,4
8.5 203 193.5 - -4.9
9.9 227 211 - 7
11.2 242 228.3 - 4.95
12.0 252.3 237.9 - 5.6 .
• 14.4 262.7 265.4 + 1.52
18.2 318.6 306 ' -4.1
22.83 349.7 349.96 0
23.29 369.79 . 354.2 - 4.2
TAJj-bili y_
FULL RA1TGE •
Present experimental results
Equilibrium Line data
Equation of equilibrium line.
Ye = 13.3 + 44.9x - 4.92x2 + 0.377x5 - 0.0149^ + 0.000278x5
- 0.00000185x6 5.14«
Exp0 X Exp. Y-
Y
Calculated by 
above equation
Difference
0.18 20.4 21.225 3.92/0 .
0.9 52.6 49.99 - 3.6 /
0.93 54.15 51.094 • - 5.5 /
1.44 72.5 • 68.817 - 5.6 /
1.56 83.6 86 3.6
:*3.o 112.3 117 4.45,
3.48 122 123.81 1.5 i
3.55 124.28 125.344 0.8
4.5 140 144.4618 2.86 io
4.54 143.31 145.2 1.33 1»
5.1 155 158 1 ' °/o
5.34 152.3 159.2 4.6 i
5.43 158.98 160.7 0.6 io
6.12 170.1 • 171.616 0.88 i
6.65 178.81 179.49 0.335 i
7 0 2 189.00 187.32 - 1.06 i
8.5 203.2 204.86 0.78 i
9.9 227.1 222.97 • - 1.76 i
11.2 241.89 239.56 - 0.95 i
12.0 252.3 249.76 - 1.03 i
18.2 318.6 326.6 2.5 i
23.29 369.79 378.85 2.38 i
Difference lies within + 5.6$
Data 1-17 used to obtain
Y = 24*7395x
Y = 57.0* 0-6005251
TABLE 10
Equilibrium Data,
For 0 1.9 g/u
We have
Ye =J).342 + 1652c - 355x2 + 5912c5 - 5452c4 + 252x5 ‘
• - 45.7x6 - 5*16.
X expl. Y expl.
Y
Calculated by 
above equation
Diference
*
0*08 11.16 10.87 - 2.7
0.18
•
22.04 20.777 - 5.8
0.25 24.5 24.6 0.42
0.5 50.48 29.33 - 5.68
0.44 37.05 37.27 0.4
0.54 40.68 42.397 4.18
0.84 58.8 56.05 - 4.85
0.93 59.15 59.5 0.59
1.2 69.9 68.19 - 2.4
1.44 73.96 75.59 + 2.16
1.45 76.5 75.298 -1.7
1.75 79.5 80.568 1.2
...................................................................
Average difference
I
Equilibrium Data 
We have
Ye = 0.0516 + 72.
X expl. Y expl«
Y
Calculated from 
above relation
Diference
$
2.25 94.92 90.728 - 4*66
2.89 110.29 105.7 -4.1
3.48 122 118.2 - 3.3
3.55 ■ 124.28 119.69 - 3.7
4.5 141 139.296 - Ie2
4.54 143.3 140.1 “ 2.24
5.34 152.3 156.2 2.56
5.43 158.98 157.957 -0.63
5.9 162.5 167.0 2.77
6.12 170.1 171.14 0.59
6.65 178.81 180.76 1.12
8.22 199.8 206.9 3.5
8.5 . 205.2 211.37 2.9
9.9 227.1 233.496 .2.64
10.5 246 239.6 - 2.44
11.2 241.89 251.468 3.94
12.0 252.3 255.76 1.19
14 - 176.26568
Average difference
TABLE 11 •
(i.9<yc<i4 s/l )
- 25.8x2 + 5*68Y? - 0.752s4 + 0.0475X5
- 0.00122x6 5*17*
S= — 0.064$
' TABLE 12 •
Equilibrium line equation oc 14 g/u 
Using
Ye = O.OO463 - 105x + 24.9x2 - 1.91x5 + 0.0695x4
-  0.00122X5 4- 0.00000838x6 5 .18 .
Concentration in gm/t.
X experimental Y experimental 1 Y Calculated Deviation $
14 246.2
14.3 263 253.4 - 3.8
14.4 262.7 255.7 - 2.77
16.8 ■ 317.5 299.3 - 5.8
17.81 316.53 311.97 - 1.4
18.2 318.6 316.2 - 0.75
21.25 368 341*799 - 7
22.83 349.7 353.897 1.14
23.29 ' 369.79 357.7 -3.25 ’
23.3 369.8 357.8 - 3.25
28.3 399.2 418.2 4.76
, TABLE 15 .
CCL4“Water~acetic acid system
CH-COOH in CCL4 CH-COOH in Water
5_______________________ .___  ?
phase y/x gm/Litre phase
X gm/Litre Y gm/Litre
0.096 0.31 5.9
0.18 • 0.424 20.4
O.264 ■ 0;514 19.7
O.42 O.649 29.58
O.72 O.849 * 41.28
0.9 0.947 . 52.6
0.93 * 0.964 . 54.15
1.44 1.2 72.5
2.52 1.585 91
3.12 1.76 105 -
3.48 1.86 122
3.55 1.88 124.28 .
4.5 2.12 140
4.54 • 2.125 145.3
5.34 ‘ . 2.31 152.3
5.43 2.327 158.98
6.12 2.473 170.1
6.65 2.575 178.8
7.2 ' 2.68 189
8.5 '2.91 203
9.9 3.14 227
11.2 3.34 242
12 3.46 252.3
14.4 3.79 262.7
18.2 4.26 318.6
22.83 4.77 349.7
23.29 4.81 369.79
These values were used to plot graph shown in Pig. 26 
using equation 5.11.
Comparison of Droplet Diameter calculated from correlations 
with experimental data obtained by Thomas'*2 et al in a 3in 
diameter, 2ft 6ins high Oscillating Baffle Contactor 
Qc o. Qd i.e. II « Qc/cid * 1
Column IV - 2*6" high, 3M dia. G.B.C. fitted with dia. 
holes baffle blades, each sectional baffle blade being 
4” high and 11/16” wide. (Thomas and Weng46*.?2).
Speed
osc/min
Plovvrate 
$ h/hx
Column IV -
d ^  Exptl.
dsv Xtevich 33qn. 
7.85
dsv Eqri. 
9*13
dsv Eon,
9.17
150 30 0.0029 0.0023 0.00242 0.00286
45 0.0025 0.0026 tl It
50 0.0026 0.0023 It It
60 0.002 0.0019 ft I
180 30 0.0027 , 0.0023 0.00236 0.00252
45 0.0023 0.0028 1 It
50 0.0024 0.0024 ti tt
60 0.0022 0.002 n tl
200 30 0.0026 0.0024 0.00228 0.00235
45 0.0022 0.0029 it tt
50 0.0024 0.0026 it tt
60 0.0021 ' 0.0021 it II
230 30 0.0025 0.0025 0.00218 0.00213
45 0.002 0.0031 tt tt
50 0.0023 0,0027 tt it
60 0.002 0.0022 it tt
260 30 0.0024 0.00255 0.0021 0.00196
45 0.0019 0.0032 tt tt
i 50_________
0.0022
___.-.i
0.00287
________ L tt
dsv *= 0.1488 Be*-0*^
dsv * 0.7 Re"'°*^ 1 5^0*19 /^V0.248 '
a **
dsv
dav ■ L‘2 /5 f e f 5 2 ^ r
. V V  n6/5
9 .1 5
9.17
7 .S 3  
7 .8 5
T A B L B 15
Comparison of Droplet Area Calculated frora correlations with 
experimental data obtained by Thomas-' et al in a 3in 
diameter, 2ft 6ins high Oscillating Baffle contactor
Qc « Qd i.e. R * Qc/Qd « 1
Column IV - 2*6” high, 3" dia, O.3.C. fitted with in dia, 
holes baffle blades, each sectional baffle blade being 
4M high and ll/l6n wide. (Thomas and Weng^**^).
Speed Flowrate Hold up Column IV
osc/min Q li/bx fi Exptl.
d.,0 Levich Bqn.
.?2 7.85
a32 Eqn. 
•9*15
a32 Eqn. 
9.17
150 ' 30 0.01977 44.665 49.6 47*1 39.86
45 0.029 70.509 67 no• C,A
45 0.039 104.42 90 97 82 1
50 0.0488 133.15 127
« r* •\a 1 i02
60 0.0432 109.3 136 107 110
180 30 0.0297 71.592 77.4 75.4 70.7
45 0.053 138 113.6 135 126
5.0 0.041 102 102 104 97.5
60 0.0474 129.78 142 120.2 112.7
200 30 0.03505 81 87.7 92 89.5
45 0.0598 163 124 157.6 153
50 0.04973 124 114.5 ’ 130.5 126.7
60 0.0581 167.32 167.3 153 148
230 30 0.03315 79.653 79.65 91 93.2
30 0.0444 116.51 116.5 122 125
45 0.0557 167.18 IO7.6 153 156.6
45 0.0799 239 154 220 225
50 0.1593 416 354 '438 448
. 60 0.0841 252.24 229 • 231 236
260 30 0.05743 143 135 16< 175
45 0.1847 582 346 527 565
50 0.07886 215 165 224.7 240
dsv » 0.1488 He-0,51 Fr-0*19 We-0,19 9.15
dsv - 0.7 Re-0*51 I*-0-19 f e 0-248
6_ h  K  1a a* dsv
dav l2/5 / x V /5
u675
9.17
7.85
7.85
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Comparison of Estimated (HTU)oc by Equation 9*20 with Experimental 
(HTU)oc for the system CCH-HgO-CII^CQOH in the £” dia hole 
Baffle O.B.C. (column I)
/,jmrT\ A
y 0,539 
c
^0.319 h0.683 ^0.531
A  ? 1,04 9.20.
v“AU'oc ^ 0.865 y 
v <
0.434
3
B 0.434 r? 2.34 3.27 v O.636 
p I* d d
Run
No.
Speed
osc/min
Uc
L/iir
ffd •
L/hr
Column I
(HTU) Sxutl. v 'oc i
Column 1
(HTIT) Estimated ' 'oc
Equation 9*20
Deviation
1 100 40 40 90 ■ 91.2 1.33
2 50 50 99.3 88.8 - 10.6’
5 60 60 82.3 88.8 7.9
4 40 60 80.5 70.8 - 11.8
5 120 16 16 65.9 62.3 - 5.45
6 20 20 60.8 60.8 0.0
7 .40 40 52.4 56.2 7.26
8 50 50 43.4 54.6 12.8
9 60 60 54.3 54.6 0
10 33.3 66.6 ' 38.8 36.4 - 6.2
11 66.6 33.3 92.7 83.6 - 10.3
12 . 150 20 20 31.2 . 27.4 - 8.23
13 30 30 28.7 26.6 - 7.32
14 40 40 26 25.8 - 0.7
15 50 50 24.4 25.08 2.48
16 60 60 . 21.1 24.32 15.15
17 40 60 • 17.9 19.76 10
18 180 30 50 24.1 24.32 0.9
19 40 40 20.4 23.6 15.7
20 50 50 21.2 23.6 8.84
21’ 210 20 20 20.5 23.6 15.1
22 40 40 25.2 22 - 12.8
23 230 20 20 20.1 22.8 • 15.4
Comparison of Calculated (imi) by Equation 9*20 with
V
experimental (HTN) for the system CCL4“H90-CH.,C00H
C £• )
Bystem in Mesh Baffle O.B.C. (Column IX)
y 0.539 d0.319 *0.685 y  0.551 A P 1,04 '•
_ 0.865 v 0*434 T. 0.434 O  2.34 „ 5.27 v O.656 
v c p La: wd a
Hun
No.
Speed
osc/min
TJc
L/hr
Dd
L/hr
Column II
Efacptl.oc
Column II
(HPU) Estimated v yoc
Equation 9.20
Deviation
1 90 40 40 61.5 51.3 - 20
2' 50 30 ' 59.2 • 1 p
3 50 50 53.5 50.2 9
■ 4 70 70 38.5 48.6 20
5 100 16 16 42*6 53.6 20
6 20 20 48.7 52.3 7.2
7 30 30 • 42.1 50.6 17
8 40 40 41.3 49 16
9 50 50 41.8 48 13
10 60 60 57*9 47.4 20
11 * 70 - 70 39.6 ‘ 46.5 15
12 120 20 20 40 48.3 16
13 30 30 38.5 ' 46*6 17
14 4° 40 35.9 . 45.1 20
15 50 50 36.3 44.3 18
16 150 16 16 37.8 45 16
17 ' 20 20 56.3 44.1 18
18 30 30 36.4 42.6 15
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Comparison of (HTU) calculated by Equation 9«19 withc
experimental values for Mesh Baffle with i'l.I.B.X*- 
water-Acetic acid as flow system*
Run
Ho.
Speed
osc/min L/hr
%
L/hr
Column H  
(EOT) Exptl.
Column
(HffJ)
Equation J
1 75 30 30 3 5 3.54
2 ‘ 100 20 20 2.6 2.63
3 30 30 2.8 2.25
4 40 40 1.7 1.98
5 120 16 16 1.7' ’2.07
6 20 20 1.6 . 1.85
ni 30 30 1.7 1.5
8 40 40 ' 1.1 1.2
9 150 16 20 1.8 0.05
10 20 20 1.4 1.01
11 30 30 1.8 0.65
12 16 16 3.2 0.9
(HOT) - — £
v 0.539 d0.317 h0.683 ^ 0.097 1.04
0.865 v 0.434 j 0.454 /7 2.34 n 3.27 v 0.636 
V o p  ^d nd d
9*19.
TABLE 19
Comparison of experimental BTC with calculated NTH from correlations 
on column II (mesh baffle 4f high) with MJL.B.K. - acetic acid water as 
flow system.
No. Speed
osc/min
Q,c
L/hr
Qd
L/hr
(NTH)o
Exptl.
(tiTU)c 
. Equatiom
7.3?
(NTU)d
Ebcptl.
(NTN)d (NTtJ)c 
Equation Equatic 
7*32 7.2
i
1 75 30 30 1*14 0.84 2.41 2.09 > 3
2 100 20 20 1.16 0.77 2.46 2.16 4.04
3 30 30 1*319 0.765 2.63 2.18 3.42
4.
40
40
40
40
1.12
1.655
0.765
0.74
2.25
3.31
1.96
2.8
■»
5.22
5 120 16 16 2.342 0.98 4.27 3*92 6.2
6 20 20 2.572 0.847 4*35 3*7 5.82
7 30 30 2.316 0.807 4*1 6.16 9.37
8 30 30 2.362 0.84 4.19 6.57 9*96
9 40 40 1.95 1.01 3.47 4.42 6.8
10 150
16
1&
16
16
1.14
0.929
1.0
0.657
2.29
1.85
1.32 
1.16
2.13
2.14.
11 20 20 2.334 0.84 4.32 3.63 4.3
12 30 30 1.773 0.796 3.39 3*31 5.0
13 30 30 1.608 0.765 2.84 2.98 5.0
14 20 40 4.32 0.81 4.33 7.45 4.2
15 100 20 40 18,7 1.11 19.67 9*77 15*1
16 40 60 5.613 0.967 7.01 3.75 8.5
17 150 15 20 2.131 0.837 3.19 3*89 3.7
18 20 30 6.729 0.89 8.27 17*6 9.4
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Summary of operating condition and calculated results 
of impulse dye - injection study on the O.B.C. fitted with mesh baffle. 
Dispersed phase measurements for CCL4 - water system
R*l.
No. Speed 
osc/rain
Flowrate 
Qc/Q,^  L/hr M.R»!£.(Sec.) <r2 Pe » V
1 90 16 88.1 0.124 15.3 0.106 • 0.01457
2 20 87.21 0.166 11.2 0.108 0.01435
3 25 86.1 0.18 9.5 0.028 0.0783 *
4 50 84.65 0.116 17.5 0.03 • 0.0475
5 40 . 74.25 0.1552 12.5 0.039 0.0665
6 50 74.1 0.12 15,7 Go 04 3 0.0614
n
i 60 72.53 0.013 143-5 0.07 O , r
8 70 65.2 0.01 t DR 0.0? 6 0.00393
9 100 16 140 0.13 14.5 0.0145 0.0593
10 20 132 0.1225 16 0.02 0.052
11 25 106 0,16 11.5 0.028 0*0646
12 50 104 0.0577 34 0.038 0.0193
13 35 94.94 0.187 . 9 .5 0.043 0.0689
14 40' 90.1 0.1269 14.5 0*047 0.048
15 50 79.12 0.2448 6.8 O.O65 0.0905
16 60 66.86 0.217 8.2 0.104 0.0588
17 70 59.4 0.220 7.5 0,114 0.068
18 120 20 121.55 0.023 100 0.032 0.0052
19 25 115 0.032 75 0.05 0.00554
20 50 104.15 0.019 114 0.085 0,00264
21 35 100 0.058 60 0.096 0.005
22 40 95.31 0.02 112 0.105 0.00282
25 50 87.54 0.1127 17.5 0.126- 0.0191
24 150 16 142.16 0.1226 16 0.05 .0.0156
25 20 131.32 0.132 . 14 0,082 0.0145
26 25 128 0.1055 20 ’ 0.11 0.00945
27 30 125.71 0.076 25 0.18 0.00556
Surcimaiy of operating condition and calculated results 
of impulse*dye - injection study on the O.B.C, fitted with mesh baffle. 
Continuous phase measurements for COLA - water system
' Jt-l.
No.
Speed
osc/m in
Flowrato 
Qc/Q L/hR M.R.T.(S e c .) cr z
T>Pe « t ***1
> «
E c = % & -
28 90 ‘‘16 954.2 0.944 0.172 0.994 0.07914
29 20 947.58 0.956 0.164 . ’• 0.992 0.091075
30 :25 ‘ 0.972
31 \  • 30 700 0.940 0.202 0.97 0.1254
32 . • . .40 689.3 0.920 0.266 ’ O.96I 0.1305
35 • \ 50 646.3 0.926 0.245’ 0.957 0.178
34 60 623.6 0.568 1.93 0.93 0.02766
35 nrsi 597*6 0.687 1.24 O.924 O.O5063
36 100 16 693 O.963 • 0.106 0.9854 0.128
37 . 20 823 0.96 0.12 , 0.98 0.125
3B 25 734 0.723 1.07 j; '-0 .9 7 2 0.02
39 30 655.13 0.0406 0.587 - • ' 0,962 0.0442
40 35 653.3 0.952 0.166 . 0.957 0.184
41 40 544.25 0.1086 0.34 0.953 0.102
42 50 - 3B1.31 0.927 ‘ 0.2413 0.935 0.1839
43 60 326.315 0.892 0.578 • 0.894 O.I419
44 . 70 518.47 0.867 0.476 0.886 0.138
45 120 20 406.1 0.863 0,484 0.968 0.027
46 25 4*12.1 0.879 0.454 0.95 0.0504
47 30 395.6 0.7216 1,12 0-^17 0.024
48 35 0.904
49 40 387.7 0.9412 0.183 0.895 0.0203
50 50 455.26 0.633 1.56 0.874 0.0308
51 150 16 601.53 0.8401 0.57 0.95 0.0246
52 20 595.4 0.872 0.455 0.917 0,0406
53 25 561.3 0.601 1.75 0.99 0.012
54 30 544.3 0.513 2.58 0.82 0.0128
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Apparent Measured Performance of the O.B.C. fitted with Dia holes
Baffle-.(column i) and CCL4 - Water - acetic acid as the flow system
Run
Bo.
Speed
Osc/min
%
L/hr.
A
L/hr.
1-ITU
c
ft.
HTU
c
: .ft. 0 
0
i
im-
d HOT.d
ft.
Ka,d
x 10”3 *
1 100 20 20 0.032 127 . 0.328 0.53 .7*52 0.553 0,013
2 30 30 0.034 116.7 0.535 0.68 5*93 1.05 0.017
3D 40 40 0:044 90 O.925 0.75 5*37 1*57 0.022
4 50 50 0.04 99*3 1.05 0.69 5*79 1.8 0,028
5 60 60 ;0.049 82.3 1.52 0.8 4*99 2.51 0.038
6 33.3 66.6 0.052 77*4 0.897 0.42 9*45 2.51 0.04
7d 33.3 66.6 0.055 72.9 0.952 0.45 8.96 1*55 0.04
8 40 60 0.05 80.3 1.04 0.55 7.33 1.71 0.034
9 120 ' 16 16 0.061 65.9 O.505 1.15 3.47 0.96 0.02
10D 20 20 0.066 60.8 0.685 1.27 3.15 1.32 0,032
11 20 20 0.054 74.2 0.561 1.05 3.8 1.09 0,032
12 30 30 0.088 45*3 1.38 1*54 2.59 2.41 0.036
40 40 0.076 52.4 1.59 1.51 2.65 3.14 0.047
13 50 50 0.05 80.5 1.29 1.15 3.47 3 0.052
15D 50 50 .0.083 48.4 2.15 1*74 2.3 4*52 0.052
16 60 60 0.074 54.3 2.3 1.56 2.57 4.87 0.06
17 25 75 0.201 19.9 2.61 1.31 3.06 5*11 0.0623
18 33.3 66.6 0.103 38.8 1*79 1.1 3.64 3.81' 0,06
19 66.6 33.3 0.043 92.7 1.5 1.67 2.4 2.89 0.025
20 80 20 0.02 197.1 0.84 1*47 2.73 1.52 0.017
21 150 16 16 0.106 37.7 0.883 2.98 1.34 2.48 0.034
22 20 20 0.128 31.2 1.33 3.03 1.32 3.15 0.05
23 30 30 0.139 28.7 2.17 4.56 0,88 7.11 0.051
24 40 40 0.154 26 3.2 4*43 0.9 9*22 0.068
25 50 50 0.164 24.4 4*27 5*5 0.73 1.43 0.075
«
26 60 60 0.19 21.1 5*93 12.76 0.31 0.399 0.138
TABLE 22 (Cont’d)
---—— -~1
Bun Speed
%
Q"% i m c BTUc Kac BTU-d Era,a Ka, d
Bo. Osc/min L/hr. L/hr. ft. x 10”4 ft. x 10~5 Y
27 150 40 60 0.224 1.7-9. 4.65 4.05 0.99 1.27 0.17
28 180 '20 20 0.089 44.7 ' 0.93 4* 43 0.9 4.6 0.055
29 30 30- 0.166 24.1 2.59 8.65 O.46 0.135 0.07
30 40 40 0.196 20.4 4.09 ' 15.37 0.26 0.32 0.077
31 50 50 ' 0.189 21.2 4.91 14.65 0.27 0.381 0.117
32 50 50 0.279 14.4 7.25 23.63 0.17 0.615- 0.117
33 210 20 20 0.112 35.6 1.17 :4.49 0.89 4.67 0.07
34 1 20 20 O.O69 58.3 0.7M 2.85 1.41 2.9 6 0.07
35 ti 30 30 0.161 24.8 2.52 8.37 0.48 O.131 0.09
96 210 40 40 0.159 25.2 3.3' 7.41 0.54 O.154 0.17
37 230 20 20 0.199 20.1 2.07 9.59 0.42 9*97 0.150
33B 210 20 20 0.196 20.5 2.03 4.62 0.87 4.8
34B t tt O.I27 31.4 1.32 2.92 1*2/ 3.03
28B 180 20 20 0.188 21.2 1.96 4*58 0.87 4*76
D - with disperser - 18 holes z" dia. each on a ring.
B calculated with equation Y = 24.74x for x. -C 10 g/LX
Apparent Measured Performance of the O.B.C. fitted with Mesh Baffle
 ^-.(column II.) and CCL4 -r Water - acetic acid as the .flow, system
Run Speed % (lIOT)c (HTU)c (Ka)c ■(lOT)d (HHj)d (ka)d
Wo. /^hr. ft. x 10"4 w. X  10 2 $
38 . 90 16 16 0,06 66.7 a*499 I.92 2.08 1*6 0.006
39 20 20 0*049 81.2 O..512 0*96 4*16 1 0.008
4° 25 25 0.028
40B 30 25 0*072 55.3 1.13 1.63 2*45 2.12 0.028
41 30 30 O.059 67.9 0*920 0.99 4*03 1*55 0.03
41B 40 20 0*055 73.4 1.13 2.2 1.82 2.29 0.019
42 40 40 0*016 65.4 1*27 1*2 3*32 2.5 0*039
43 50 50 0*068 ‘58.6 1*78 1.17 3*42 3*04 0,043
443) 60 60 0*109 36.8 3.4 1.97 2.03 6.16 0.07
45 70 70 0*098 40.9 3.56 1*98 2.02 7*2 O.O76
46 100 16 16 0.092 43.6 0.764 1*77 2*25. 1*48 0.0145
47 20 20 0.077 51.7 0.084 1*54 2.6 1.6 0.02
• 48 25 25 0.096 41.5 1*25 1.87 2.14 2.43 0.028
49 30 30 0.091 43.7 1.43 1*74 2.3 2*71 0.033
50 35 '35<>.077 52 1.4 1*57 2.54 2*86 0.045
51 40 40 0.094 42.4 1.96 1*83 2.19 3.81 0*047
52 50 50 0*097 41.2 2*53 2.16 1.85 5.62 O.O65
53 60 60 0.114 35.2 3*56 2.64 1*51 8.27 0*104
54 70 70 0.105 38.2 3.81 2.32 1.72 8.46 0.114
. 55 120 20 20 0*107 37.4 1.11 2.46 I.63 2*56 0.032
56 25 25 0*07 57.3 0*907 3*02 1.32 3.93 0.05
57 30 30 0*118 33*9 1.84 3*18 1.26 4*97 0*083
58 35 35 0,096
59 40 40 0.131 30.4 2.74 3*58 ' 1.12 7.44 0.105
60 50 50 0.138 •29 3.6 4*21 0.95 1.09 0.126
61 150 16 16 0*128 31.1 1.07 3*75 1.07 3.13 0.05
62 20 20 0.133 30.1 1*38 4*6 0.87 4.79 0.082
-
.
20 20 0.141 28*4 10 4 4*43 0.9 4*61 0.082
£V
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Apparent Measured Performance of the O.B.C. v/ith Mesh.Baffle
(column II) and CGL4 - Water - Acetic acid as flow system
Run • 
No.
. Speed 
osc/min
L/hR L/hR
Si
. ( ™ ) c (HTO)o
ft
(Ka)c 
x 10~^
(NTU)^ (HTN)d
ft
(Ka)d 
x 10~3 f
64 150 25 25 0.112 35*8 1 y45 6.28 O.64 8.17 0.11
65° 25 25. 0.144 27.7 1.88 5.34 0.75 6.95 0.11
66 30 30 0.143 28 2.23 4.7 0.85 7*33 0.287Ul \$0 IG O. <<3 I l- 3 if- 4- s* o-6| 5* 42. 0*12.
68 20. 20 0.196 20.4 2.04 *11.31 0.35 0.118 0.16
69 25 25 0.181 22.1 1.35 10.47 0.38 0.136 0.226
70 200 16 16 0.061 65.1 0.512 3.22 1.24 2.68 0.26
71 220 16 16 0.066 61 0.546 3.5 1.14 2.91 0.28
72 0 25 25 0.007 567*3 0.092 0.1 39.34 0.132 0
73 0 30 30 0.004 1081.0 0.057 0.05 73.67 O.847 0
T A B L E
v/ith 24° amplitude
74 150 30 30 0.038 105.9 0.589 0.68 5.87 1.06 0.014
75 2QQ 30 30 0.096 41.7' 1.50 2.49 1.61 3.88 O.O44
76 225 30 30 0.124 32.3 1.93 3.26 1.23 5.08 0,06
77 250 30 30 0.182 22.0 2.84 12.42 0.32 19.4 0.124
T A B L E
with 30° amplitude
78 100 30 30 0.026 153.3 0.407 0.43 9.28 0.672 0.014
79 200 30 30 0.101 39.8 1.57 4.42 0.91 6.89 0.056
80 220 30 30 0.223 17*9 3.48 :8.7i 0.46 13.6 0.124
81 225 ■ 30 30 0.196 20.4 3.06 11.32 0.35 17.7 0.13
82 240 30 30 0.205 19.5 3.2 14.07 0.28 21.9 0.416
I) - Dispersed phase introduced through 18 hole
disperser each hold 7pn dia. in a ring inlet
A&
True Performance of the O.B.C. fitted with Mesh Baffle (Column'll)
with CCL4 - Water - acetic acid as the flow system -
Run
3fo.
Speed
osc/min
L/hR
A
L/hR (ITO)o (HTO)d
ft
(&)0
X 10”4
(irao)d (HKJ)d
ft
(a)a
x 10“3 $
.58 90 16 16 » 0,060 66.4 0.501 1.87 2.14 1.56 0.006
39 20 20 O.O56 71.4 O.583 1.49 2.68 1*55 0,008
41 30 30 O.O65 61.3 l.o2 .1.40 2.85 2.19 0,03
42 40 40 0.068 59.2 1.41 1.63 2.45 3*39 0.039
43 50 50 0.075 53*5 1*95- 1.54 • 2.60 4.00 0.043
44 60 60 0.116 34.6, 3.62 2.06 1*94 6.45 0.07
45 70 70 0.104 38.5 3.78 2.07 1*94 7*52 0.076
46 100 16 16 O.O94. 42.6 0.781 1.84 2.17 1*53 0.0145
47 20 2.0 0.082 48.7 0.854 1.79 2,24 1.86 0.02
48 25 25 0.100 40.2 1.29 . 1.91 2.10 2.48 0.028
49 30 30 0.095 42.1 1.48 1.84 2.18 2.87 0.038
50 35 35 0.081 49.2 1.48 1*79 2.24 3*26 0.043
51 40 40 0.097 41.3 ■ 2.01 1.87. 2ol4 3*9Q 0.047
52 50 50 O.O96 41.8 2.49 1.96 2.04 5*09 0.065
53 60 60 0.105 37.9 3.30 2.00 2.00 • 6.25 0ol04
54 70 70 0.101 59.6 3.68 1*97 2.03 7*18 oai4
55 120 20 20 0.100 40.0 1.04 lo91 2.09 1*99 0.032
5 6 25 25 0.061 65.2 O.798 1*93 2.08 2.50 0.05
57 30 30 0.104 38.5 1.62- 2.03 lo97 3*17 0,083
58 40 40 0.111 35*9 2.31 2.04 1*96 4*25 0,105
59 50 50 0.110 36.3 2.87 2.02 1.98 5*26 0,126
60 150 16 16 0.106 37.8 0.881 2.01 1*99 1.68 0.05
61 20 20 0.110 36.3 1.15 2.01 1*99 2.09 0,082
62 20 20 "0.103 38.9 1.07 2.01' • 1*99 2.09 0.082
63 25 25 0.078 51c2 1.02 2.00 2.00 2.60 0.11
Speed
System ~ CCI
4 - v ~ ch2 cc>011
65 150 25 25 0.101 39-5 1.32 2.01 1*99 2.61 0,11
66 30 30 0.110 36.4 1.72 1.99 2.01 3.10 0-.287
67 180 16 16 0.173 23.1 lo44 3*19 I.25 2.65 0.12
68 20 20 0.201 19.9 2.09 3.63 1.1 3*77 0.16
69 25 25 0.205 19.5 2.67 3.64 1.1 4*73 0.226
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Apparent Measured performance of the O.B.C. (column III) fitted v/ith
i" square hole baffle with CCL4-water~acetic acid as the flow system
Hun
No.
Speed
osc/min L/hr
%
L/hr
(imr)c (HTU)e
ft
(Ka)c
xl0~4
(FfU)d (lTO)d
ft
(*0 d ’
xlO~5
1
83 150 30 30 0.078 51*5 1.21 1*75 2.28- 2.73 0.0264
84 tt 1 0.079 50.8 1.23 1.68 2.38 2.62 0.0283,
85 H it 0.1 40.1 ' 1.56 1.88 2.12 2.94 0.0226
86 35 30 0.91 43.8 1.71 . 1.97 2.03 3.07 0.021
87 40 30 0.070 57.2 1.46 1.84 2.17 2.87 0.0246
88 20 20 0.077 51*7 0.804 1.54 2.6 1.6' 0.02
89 n 40 0.094 42.4 1.95 1.84 • 2.19 3*81 0*04
90 50 50 0.098 40.9 3.56 1.98 2.02 7.2 O.O63
Apparent measured performance of the O.B.C. (column II)
fitted with Mesh Baffles on M.I.B.K.-Ho0~CH-,C00H. 2 5
Run
No.
Speed
osc/rain
0
9
L/hr
%
L/hr
(imr)o (lffU)c
ft
— -— ----
(Ka) x c (nro)d (iMj)d:
ft
I 
rtf 
|
U
S
 
■ 
1
t- 
...
1
$
;99 75 30 30 1.534 3S 2.08 2.47 1.62 3.85 0.027
100 100 20 20 1.518 2.6 1.58 2.82 1.42 2.93 0.045
101 30 30 1.44 2.8 2.25 2.68 2.49 4.18 0.08 6
102 40’ 40- 2.376 1.7 4.94 4.46 0.9 9.27 0.112
103 40 40 1.287 3.1 / 2.68 2.4 1.67. 4.98 0.112
104 120 16 16 2.836 1.4 2.21 5.22 ' 0.77. 4.07 0.054
105 20 20 2.81 1.4 .2.92 5.15 0.78 5*35 0.08
106 30 30 3.59 • 1.1 5*6 6.57 0.61 10.2 0.113
107 30 30 3.49 1.1 5.45 6,4 0.62 9.99 0.113
108 • 40 40 3*6 1.1 7.49 6.86 0.58 14.3 0.147
.109 150 » 16 16 0.97 4.1 0.759 . 1.81 2.21 1.41 0.081.
110 16 16 1.25 3.2 0.973 2.33 1.72 1.81 0.031
111 16 20 2.26 1.8 •1.76 3.17 1.26 '3.3 0.08 6
112 20 20 2.77 1.4 2.88 5.09 0.79 5.29 0.11
113 30 30 2.23 1.8 3*49 4.16 O.96 6.49 0.175
114 30 30 2.06 1.9 3.22 4.04 0.99 6.3 1
115 20 30 6.71 0.6 6.98 8.21 0.49 12.8 0.132
116 100 20 40 4.14 1.0 4.31 3*75 I.07 7.81 0.045
117 40 60 6.63 0.6 13.8 8.15 0.49 25.5 0.060^
-  2 0 0  -
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The apparent measureu performance of the O.B.G.
A = Column I i.e. 4* high* 3" dia» With •J-" di.a* holes baffle
blades B = " V i.e. 2*6" " tt> tr tt tt tt
Bun
No.
Speed
osc/min
Flowrate 
L/hr* R=1 (m u)0
(HOT)o
ft
(Ka)c 
x 10“4
(HOT)a
(HTO)d
ft
(Ka)d
x 10” ^
1 A 150 40 0*154 26 3.2 4.43 0.9 9.22 0.068
B t> 40 0.064 39*1 2.13 1.18 2.12 3.92 O.O467
2 A tt 50 0.164 24*4 4.27 5.5 0.73 1.43 0.075
B tt 50 0.058 43.2 2.41 1.16 2.16 4.83 0.05
3 A 180 40 0.196 20.4 4.09 15,37 0.26 0.32 0.077
B tt 40 0.089 28 2.97 2.13 1.17 7.1 O.O67
4 a 210 30 0.161 24.8 2.52 8.37 0.48 0.131 0.09
B 200 30 0.059 42.7 1.46 2.11 1.18 5.27 0.043
5 A 210 40 0.159 25.2 3.3 7.41 0.54 0.154 0.17
B 200 40 O.O96 25.9 3.21 3.2 0.78 10.6 0.08
6 A 230 20 0.199 20.1 2.07 9.59 0.42 9.97 0.15
B tt 30 0.133 19.2 3.24 5.26 0.48 13.1 0.093
Apparent measured performance of the 3" dia and 2ft 6ins high 
O.B.C* fitted v/ith Ju dia holes Baffle and CCL4~water-acetic 
acid an flow system A « column IV;. B = column V
A:= x ^/l6in Bs= 5iu x ^/8in.
Baffle Baffle
Run
Ho.
Speed
osc/min
L/hr
%
L/hr
%
!. 
^
 
3 cj (im)c
ft
(Ka)
C
x!0~4
(HTtJ)d (II'W)
ft
(Ka)d
xlO~5
i
91A 150 40 40 0.0335 74.64 I.25 0.730 3.42 2.7 0.039
B 40 40 0.064 39.1 2.13 1.18 2.12 3.92 0.0467
92A 50 50 0.0319 78.34 1.328 0.703 3.552 2.9 0.049
B 50 50 0.058 43.2 2.41 1.16 2.16 4.83 0.05
95A 180 40 *40 0.0383 65.31 1.4336 0.87 2,866 3.3 0.053
-B 40 40 0.089 28.0 2.97 2.13 1.17 7.10 .0.0666
94A 200 30 30 O.O46 54.25 1.151 1.11 2.25 • 2.8 0.035
B 30 30 0.059 42.7 I.46 2.11 1.18 5.27 0.0433
95A 45 45 0.0414 60.39 *1.55 1.09 2.29 2.26 0.06
B 40 40 0.096 25.9 3.21 3.20 0.78 10.6 0.08
96A 50 5° . 0.043 57.59 1.81 1.10 2,26 4.6 0.05
B 50 50 0.112 22.4 4.66 3.84 0.65 16.0 0.103
97 A 230 30 30 0 .07 . 35.7 1.75 2.05 . 1.22 5*1 0.044
B 30 30 0.130 19.2 3*24 5.26 0.48 13.1 0.0933
98A 260 30 30 0109 22.84 2.733 4.54 0.55 7.113 0.0575
* B 30 0.138 18.1 3.44 7.87 0.32 19.6 0.1566
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Effect of inlet concentration on transfer unit 
System - CCL^-H^O-Acetic acid
O.B.C.
3ase
:To.
Run
No.
Speed
osc/min L/hr L/hr
(htu)v 'em 
ft
(NTU) x 'em
X
Inlet
gm/L
Outlei
1 10 120 20 20 60.8 0.066 19.34 3.96
12 t 30 30 45.3 0.088 32 4.2
13 t 40 40 52.4 0.076 23.18 2.88
* 14 n 50 50 80.5 0.05 13.63 2.88
15 it 50 50 48.4 0.083 22.25 2.4
2 * 28 180 20 20 44.7 0.089 8.04 0.06
29 ti 30 30 24.1 0,166 21.23 0.03
30 it 40 40 20.4 0.196 21.135 0,01
5 31 it 50 50 21.2 0.189 19.91 0.01
32 it 50 50 14.4 0,279 35.01 0.01
4 33 210 20 20 35.6 0.112 13.78 0.18
* 34 20 20 58.3 0.069 6.24 0.06
35 it 30 30 24.8 0.161 20.23 0.03
MESH COLUMN II
5 55 120 20 20 37.4 0.107 23.7 0.9
* 56 n 25 25 57.3 0.07 6.67 0.18
57 11 30 30 33.9 0.118 21.72 0.24
58 11 40 40 30.4 0,131 24.84 0.18
6 68 180 20 20 20.4 0.196 24.54 0.0 6
69 ti 25 25 22.1 0.181 22.14 0.09
* 70 200 16 16 65.1 0.061 4.53 0.06
*71 220 16 16 61 0,066 4.74 0.06
i" sq_. BAFFLE COLUMN III
7 74 150 30 30 51.5 0.078 18,86 1.86
75 it 30 30 50.8 0.079 21.12 2,52
* 76 n 30 30 40.1 0.1 30.74 2.64
* Run with low inlet concentrations
Run
No.
118
119
120
121
122
125
124
125
126
127
128
12 9
- 216 -
Apparent Measured Performance of the R.L.C. (Column VI) 
(with CCL^-Water-Acetic acid as the flow system)
n rt (HTO) (Ka) (HTtl). (Ka),
Speed l/L i  «  ° io”4 {im)i ft 10-3r.p.m. L/hr L/hr x 10 x 
450
900
1200
450
20 20 0.059 67.6 0.61 1.05 5.8 1.09 0.014
50 50 0.085 47.5 1.52 0.95 4.2 1.49 0.0219
40 40 0.085 47.2 1.76 1.52 5.02 2.75 0.0292
50 50 0.085 47.1 2.21 1.52 5.06 5.4 0.0575
60 60 0.071 56.2 2.25 I.25 5.25 5.85 0.046
70 70 0.062 64.6 2.26 1.15 5.49 4.17 0.1
50 50 0.069 57.7 1.08 1.99 2.01 5.11 0.062
40 40 0.095 45.2 1.95 5.49 1.15 7.26 0.0865
50 50 0.541 11.7 5.52 25.85 0.17 5.72 0.167
40 40 0.541 ■'11.7 7.09 25.85 0.17 4.96 0.167
with Ketone-Wator--Acetic acid as flow system
50 50 1*47 2.7 22.9 2.77 1.45 4.52 0.052
40 55 5.51 1.1 75.1 4.68 0.8 6 15.4 0.021
T A B L E  56
Power measured in the 0*BeC. (Column II) and R.D.C. 
(Column VI) at different flow rates on continuous 
phase* -HgO flow system
For O.B.C. D = 19/96ft, while for R.D.C. D«l/6ft
Power in lh-ft
Speed
osc/min
or
r.p.m.
Q
L/hr
20
Q
L/hr
30
Q.
L/hr
40
Q
L/hr
50
Q
L/hr
60
Q
L/hr
70
Average
P
lh-ft
O.B.C.
100 0*172 0.172 0.172 0.172 0.172 0.172
150 0.183 0.195 0.195 0.197 0,2 0.194
200 0.196 0.196 0.196 0.196
225 0.215 0.215 0.215 0.215
250 0.232 0.232 0.232 0,232
R.D.C.
400 0.296 0.296 0.299 0.299 0.299 5.0 0.298
450 0.3 0.3 0.3 0.3 0.3 0.3 0.3
600 0.305 O.305 0.31 0.31 0.31 0.31 0.31
900 0.308 0.312 0.316 0.329 0.329 0.32
1000 0.388 0.388 0.388 0.388 0.388
1200 0.415 0.415 0.422 0.455 0.42
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T A B L E  57
Power measured in the OftB.C,. Column II) and R.D.C. 
(Column Yl) at equal flow rates of the continuous 
and disperse phases. CCL^-H^O flow system.
For O.B.C. D= 19/96ft, while for R.D.C. D = l/6ft
Speed
osc/min
or
r,p.m«
Q,
L/hr
20
Q
L/hr
30
O.B.C.
100 0,179 0.179
150 0.195 0,205
200 0..205 0,205
225 0.22 0.22
250 0.235 0.235
R.D.C.
400 0.332 0.332
450 0.31 0.31
600 0.312 0.515
900 0.329 0.329
1000 0.39 0.39
1200 0.433 0.433
Q, Q Q, Average
L/hr L/hr L/hr P
40 50 60 lb-ft
0.179 0.179 0.18 0.179
0.20 0.2
0.205 0,205
0.22 0.22
0.255
0.532 0.552 0.552 0.552
0.51 0.51 0.51
0,517 0.317 0.515
0.529 0,329 0.329
0.39 0.39
0.433 0.433
Power measured in O.B.C. (Column II) and R.D.C.(Column VI), Hie 
dimensionless numbers have been calculated based on dimensions of 
the impellers (baffles) and properties of the the fluid in contactors. 
No load condition i.e. empty column.
For O.B.C. D = 19/96ft, while for R.D.C. D = l/6 ft.
D2CN  ^ „ DN2 „ Tr D^N^7 „ l)Vewhere A = Re = “77— * B *= Fr = — 5 C = We = — E = — — -t
M  9 e i s
F * N =
Speed
osc/min
or
r.p.m.
P
lb-ft
A
x 104
B
x 10 c
E
lb-ft
hr
F
x 10~5
O.B.C.
100 0.16 0,302 0.428 0.295 1.23 130
150 0.17 0.4538 1.09 0.82 4.1375 41.2
200 0.18 0.605 1.707 1.454 9.83 18.5
225 0.192 0.68 2.36 1.8395 14 13.7
250 0.22 0.756 2.67 2.271 19.17 11.45
R.D.C. 400 0,28 1.72 23.1 13.86 2 66 1.05
450 0.28 1.93 29.1 16.85 578 0,74
600 0.287 2.58 51.7 31.2 8 96 0.32
900 0.3 3.86 116.4 70 3020 0.1
1000 0.32 4.3 143.8 86.67 4150 0.077
1200 0.365 5.16 207 124.8 7170 0.051
-  2 2 0  -
T A B L E  59
Power measured in the O.B.C. (Column II) and B.D.C. (Column Vl) 
filled with continuous water phase without flow. The dimensionless 
numbers are based on impellers (baffles) dimensions and fluid 
properties. OCL^ “ ^ 0  flow system.
For O.B.C,. D = 19/96ft. For B.D.C. D = 1/6 ft.
where A **
2 -
tt D L'N -nBe = — 7™*; B =
M  ’
■n DN2_ Fr ----S
0110 D5B2£ „ 
" t 5 E e 9
P = P__
d5it5Cj
Speed
osc/min
or
p
lb-ft
A
x 104
B
-2x 10
c E
lb-ft
hr
F
x 10~5
r.p.m.
O.B.C.
100 O.I69 0.302 0.428 0.295 1.23 137
150 0.172 0.4538 1.09 0.82 4.1375 41.7
200 0.187 O.605 1.707 1.454 9.83 19
225 0.204 0.68 2.36 1.8395 14 14.6
250 0.22 0.756 2.67 2.271 19.17 11.5
B.D.C.
400 0.295 1.72 23.1 13.86 266 l.ll
450 0.298 1.93 29.1 16.85 378 0.795
600 0.29 2.58 51.7 31.2 8 96 O.324
900 0.308 3.86 II6.4 70 3020 0.102
1000 0.372 4.3 143.8 86.67 4150 0.O897
1200 0.405 5.16 207 124.8 7170 0.0566
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T A B L E  .40
Power measured in the O.B.C. vColumn II) and the R.D.C, (Column VI) 
with continuous phase flow only. The dimensionless numbers are 
based on physical dimensions of the impellers (baffles) and fluid 
properties. CCL^-H^O flow system.
For o td • O • D a 19/96ft• for R.DeC. D = 1/6 ft
where A « •n D‘Re = — 2m .  _ Fr = Sii
8
P Up _ P'A 2(-'. E :
H  ’
U — VI0 =
0 8 9
E =
P
*
Speed
osc/min
or
r.p.m.
p
lb-ft
A
x 104
B
-2x 10
c E
lb-ft
hr
E
x 10"5
O.B.C.
100 0.172 O.502 0.428 0.295 1.25 140
150 0.194 0.4538 1.09 0.82 4.1375 47
200 0.196 0.605 1.707 1.454 9.83 19.95
225 0.215 0,68 2.56 1.8595 14 15.35
250 0.252 0.756 2.67 2.271 19.17 12,1
R.D. C •
400 0,298 1.72 25.1 15.86 266 1.12
450 0.5 1*93 29.1 16.85 378 0.794
600 0.51 2.58 51.7 51.2 896 0.546
900 0.52 3.86 II6.4 70 5020 0.106
1000 0.588 4.3 143.8 . 86.67 4150 0.0956
1200 0.42 5.16 207 124.8 7170 O.0586
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T A B L E  41
Power measured in the O.B.C, Column II and R.D.C. Column VI with 
continuous phase and dispersed phase flowing. The dimensionless 
numbers are based on the physical dimensions of the impellers 
(baffles) and fluid properties. CCL^-H^O flow system.
For O.B.C, D = 19/96ft for R.D.C. D = l/6ft
where A = Re B = Fr =
A
m2 „ TT d ¥ ?— 2 C = We = *— ~r—
8 Y
.. E -
’ s
1
3 
i
11 
i|
P
___S. . G
" M e 9
(Be)2-5559f H = H (Re)2,5559 
P
Speed
)sc/min
or
r.p.m.
P
lb-ft
A
x 104
B
no"2x 10
C E
lb-ft
hr
F
x 10~5
G
x 109
H
x 106
).B.C.
100 0.179 0.302 '.0*428 0.295 1.23 145.5 0.15 21.8
150 0.2 0.4538 1.09 0.82 4.1375 48.4 0.38 I8.4
200 0.205 0.605 1.707 1.454 9.83 20.87 0.794 16.6
225 0.22 0.68 2.36 1.8395 14 15.7 1 15.7
250 0.235 0.756 2.67 2.271 19.17 12.27 1.26 15.7
i.D.C.
400 0.332 1.72 23.1 13.86 266 1.25 8.9 11.1
450 0.31 1.93 29.1 16.85 378 0.82 12.6 10.3
600 0.315 2.58 51.7 31.2 ‘ 896 0.352 25 8.8
900 0.329 3.8 6 116.4 70 3020 0.109 56 6.1
1000 0.39 4.3 143.8 86.67 4150 0.094 75.9 7.14
1200 0.433 5.16 207 124.8 7170 0.0603 117.5 7.1
T A B L E  42
Measured agitating power (defined as power dissipated during continuous 
phase flow only minus no load power) in the O.B.C* Column II and 
R.D.C. Column VI. Dimensionless numbers are based on the physical 
dimensions of the impellers (baffles)and fluid properties.
CCL^H^O flow system 
For O.B.C. D = 19/96ft, for R.D.C. D = l/6ft.
where A = Up = B - Hp.Ee2‘3559 c . ^ 2 . 3 5 5 ^ 1 *
_______ sPi^P______
~ -I*  -2.3559
Speed
oso/min
or
r.p.m.
P
lb-ft
A
x IQ'’5
B
x 106
(Fr r 1 
x 102
c
x 108
We"1
E
inll x 10
O.B.C.
100 0.012 9.75 1.46 2.34 3.42 3.39 I.465
150 0.024 5.81 2.2 0.917 2.02 1.22 1.76
200 0.016 1.63 1.29 0.586 0.757 0.687 3*13
225 0.023 1.64 1.64 0.423 0.695 0.544 3.22
250 0.012 0.626 0.79 0.374 0.296 0.44 3.99
R.D.C.
■
400 0.018 O.O67 0.596 O.0434 0.0258 0.0722 7.42
450 0.02 0.053 0.668 0.0344 0.0229 0.0593 9.68
600 0.023 0.0257 O.642 0.0193 0.0124 0.0321 10.3
900 0.02 0.0066 0.37 0.0086 0.00318 0.0143 20,8
1000 0.068 O.OI64 1.244 O.OO696 0.00866 0.01156 25.3
1200 0.055 O.OO767 0.91 0.00483 O.OO44 0.008 32.7
Dispersing power defined as the power measured in continuous 
and disperse phases ..flows minus no load power in the O.B.C, 
(Column II) and IhB.C, (.Column VI) , Dimensionless, numbers 
are based on the physical dimensionsrox the impellers (Baffler) 
and fluid properties. CCL^H^O flow system*
For O.B.C. D = 19/96ftf for R.D.C. D = l/6ft
where
K-t11
P
dW ’
B ~ S . ,Re
P
2.3559, c
N
= “ ^ 3 5 5 9 ^ 1
TD . . _ d5r5 <?
-til =
Re"-2.3559g "1 We"1
Speed
osc/min
or
P
lb-ft
A
x 10”^
B
t. 106
Fr”1
2■x- 10
C
x 108 We"1
E
11x 10XA
r*p»m. J\. I v J
O.B.C.
100 0.019 15.45 2.32 2.34 5.42 3.39 1.465
150 0.03 7.275 2.76 0.917 2.53 1.22 1.76
200 0.025 2.54 2.02 0.586 1.18 0.687 3.13
225 0.028 2 2 0.423 O.846 0.544 3.22
250 0.015 0.783 0.987 0.374 0.369 O.44 3.99
R.D.C.
400 0.052 0.195 1.735 0.0434 0.0754 0,0722 7.42
450 0.03 0.0794 1 0.0344 0.0344 0.0593 9.68
600 0.028 0.0312 0.78 0,0193 0.01505 0.0321 10.3
900 0.029 0.0096 0.53 0.0086 0.00456 0.0143 20.8
1000 0.07 0.01687 1.28 O.OO696 0.0089 0.01156 25.3
1200 0.068 0.0095 1.16 0.00483 0.00561 0.008 32.7
- tLd?
T A B L E  44
Calculated droplet interfacial area for the mesh baffle 
Column II, 4ft high, 3in dia O.B.C.- by correlation given 
by equation 9*15 i.e.
d = 0.1488 Re-0"51 Fr~°319 We”0,19 sv
Speed
osc/min
flow rate 
L/hr 
Qp/QpL
dsv
a
sv dsv
Kad
X 10"^
Calculated
K
x 10"^
90 16 0.006 0.003273 11 1.56 142
20 0.008 tt 14.7 1.55 105.5
30 0,03 tt 55 2.19 40
40 0.039 tt 70.3 3.39 48.3
50 0.043 tt 79 4 50.7
60 0.07 tt 128 6*45 50
70 0.076 tt 140 7,52 54
100 16 0.0145 Oo00301 28.9 1.53 53
20 0.02 it 39.9 1.86 46.6
25 0.028 tt 55.7 2.48 44.5
30 0.038 it 76 2.87 38
35 0.043 tt 85.8 3.26 38
40 0.047 tt 93.7 3.9 42
50 0.065 tt 129.5 5.09 39.4
60 0.104 tt 207 6.25 30.2
70 0.114 tt 228 7.18 31.5
120 20 0.032 0.00245 78.3 1.99 25.4
25 0.05 tt 122 2.5 20.5
30 0.083 tt 203 3.17 15.6
40 0.105 tt 257 4.25 16.5
50 0.126 tt 309 5.26 17.1
150 16 0.05 0.0019 158 1.68 10.6
20 0.082 tt 259 2.09 8 .1
25 0.11 tt 347 2.6 7.5
30 0.287 tt 906 2.61 2.88
180 16 0.12 O.OOI56 461 2.65 5.77
20 0.16 tt 616 3.77 6.1
25 0.226 tt 870 4.73 5.44
- 226 -
T A B L E -  45
The calculation of droplet interfacial area in the 4’ high, 
3" dia. O.B.C. fitted with Mesh Baffle (Column II) by- 
correlation given by equations
32
a32
B n 2 C
i
- F.6 $  / d32
0.13A
9*130
Speed
osc/min
Blow rate 
L/hr 
Qp - Qd
Equation
9.13A
d-,~32 d32/F
"by
Equation
9.13C
asv 
From 
Table 44
90 16 0.006 0.01855 0.00327 11 11
20 0.008 IT ft 14^7 14.7
30 0.03 ft tt 55 55
40 0.039 ft tt 70«3 70.3
50 0.043 1 tt 79 79
60 0.07 tt ft 128 128
70 0.076 ft It 140 140
100 16 0.0145 0.0263 0.00301 28.9 28.9
20 0.02 tt If 39.9 39.3
25 0.028 tt ft 55.7 55.7
30 0.038 tt It 76 76
35 0.043 tt tt 85.8 85.8
40 0.047 tt tt 93.7 93.7
50 0.065 tt ft 129.5 129.5
60 0.104 tt tt 207 207
70 0.114 tt tt 228 228
120 20 0.032 0.0393 0.00245 78.3 78.3
25 0.05 tt II 122 122
30 0.083 tt tt 203 203
40 0.105 tt ft 257 257
50 0.126 tt II 309 309
150 16 0.05 0.0467 0.0019 158 158
20 0.082 1! ft 259 259
25 0.11 tt ft 347 347
30 0.287 ft tt 906 906
180 16 0.12 0.0537 0.00156 461 461
20 0.16 tt tt 616 616
25 0.226 ft ft 870 870
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